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Abstract 
7KLVDUWLFOHGHDOVZLWKWKHIXVLRQRIIODZGHWHFWLRQVIURPPXOWLVHQVRUQRQGHVWUXFWLYHPDWHULDOVWHVWLQJ
%HFDXVHHDFKWHVWLQJPHWKRGPDNHVXVHRIGLIIHUHQWSK\VLFDOHIIHFWVIRUGHIHFWORFDOL]DWLRQDPXOWL
PHWKRGDSSURDFKLVSURPLVLQJWRHIIHFWLYHO\GLVWLQJXLVKWKHPDQ\IDOVHDODUPVIURPDFWXDOPDWHULDO
GHIHFWV7RWKLVHQGZHSURSRVHDQHZIXVLRQWHFKQLTXHIRUVFDWWHUHGWZRRUWKUHHGLPHQVLRQDOORFDWLRQ
GDWD8VLQJDGHQVLW\EDVHGDSSURDFKWKHSURSRVHGPHWKRGLVDEOHWRH[SOLFLWO\DGGUHVVWKHORFDOL]DWLRQ
XQFHUWDLQWLHVVXFKDVUHJLVWUDWLRQHUURUV:HSURYLGHJXLGHOLQHVRQKRZWRVHWDOONH\SDUDPHWHUVDQG
GHPRQVWUDWHWKHWHFKQLTXH“?VUREXVWQHVV)LQDOO\ZHDSSO\RXUIXVLRQDSSURDFKWRH[SHULPHQWDOGDWDDQG
GHPRQVWUDWHLWVDELOLW\WRILQGVPDOOGHIHFWVE\VXEVWDQWLDOO\UHGXFLQJIDOVHDODUPVXQGHUFRQGLWLRQVZKHUH
QRVLQJOHVHQVRUPHWKRGLVDGHTXDWH
.H\ZRUGVPXOWLVHQVRUGDWDIXVLRQGHQVLW\HVWLPDWLRQVFDWWHUHGGDWDGHIHFWGHWHFWLRQQRQGHVWUXFWLYH
WHVWLQJUHJLVWUDWLRQHUURU
1 Introduction 
,QGXVWULDOQRQGHVWUXFWLYHWHVWLQJ1'7UHIHUVWRWKHLQVSHFWLRQRIPDWHULDOVSDUWVRUVWUXFWXUHVFRQFHUQLQJ
WKHLUFRQGLWLRQZLWKRXWFRPSURPLVLQJWKHLULQWHJULW\1'7H[SHUWVHPSOR\GLIIHUHQWVHQVRUVGHSHQGLQJRQ
WKHPDWHULDODQGWKHH[SHFWHGW\SHVRIGHIHFWV1HDUVXUIDFHFUDFNVUHSUHVHQWRQHFODVVRIIODZVWKDWDUH
FRPPRQO\HQFRXQWHUHGLQFULWLFDOPDFKLQHSDUWVXQGHUG\QDPLFORDGLQJVXFKDVWXUELQHEODGHVDQG
EHDULQJV5HSHDWLQJF\FOHVRIG\QDPLFVWUHVVSURPRWHWKHJURZWKRILQYLVLEOHPLFURFUDFNVLQWRODUJHU
GHIHFWVWKDWFRPSURPLVHWKHVDIHW\DQGVKRUWHQWKHVHUYLFHOLIHRIWKHFRPSRQHQW$VVXFKHDUO\GHWHFWLRQ
RIFUDFNLQJLVFULWLFDOWRWKHVDIHRSHUDWLRQDQGVHUYLFHDELOLW\RIIODZHGPDFKLQHU\$PRQJWKH1'7
PHWKRGVWKDWTXDOLI\IRUWKHWDVNRIQHDUVXUIDFHFUDFNGHWHFWLRQVSHFLDODWWHQWLRQLVSDLGWRWKRVHWKDW
DOORZDXWRPDWLFGDWDDFTXLVLWLRQDQGSURYLGHDFFXUDWHREMHFWLYHDQGUHSURGXFLEOHUHVXOWV&RPPRQ
FDQGLGDWHPHWKRGVDUHXOWUDVRQLFWHVWLQJ87HGG\FXUUHQWWHVWLQJ(7PDJQHWLFIOX[OHDNDJH0)/
WHVWLQJDQGWKHUPDOWHVWLQJ77+RZHYHUVLQJOHPHWKRGLQVSHFWLRQLVRIWHQDPELJXRXV7KLVLVEHFDXVH
HDFKPHWKRGUHDFWVWRFKDQJHVLQVSHFLILFSK\VLFDOSURSHUWLHVRIWKHWHVWHGPDWHULDOLQWKHSUHVHQFHRID
GHIHFW%XWKDUPOHVVPDWHULDORUJHRPHWULFDOFKDUDFWHULVWLFVPD\DOVRSURGXFHVLPLODUDQGRIWHQ
LQGLVWLQJXLVKDEOHFKDQJHVLQWKHUHFRUGHGVLJQDOV)RULQVWDQFH0)/LVDIIHFWHGE\VXUIDFHURXJKQHVVDQG
LQKRPRJHQHRXVPDJQHWLFSURSHUWLHVDQG77“?VKLJKVHQVLWLYLW\WRQHJOLJLEOHPDQXIDFWXULQJDQGKDQGOLQJ
PDUNVDQGLPSHUIHFWLRQVUHVXOWVLQDPXOWLWXGHRIIDOVHSRVLWLYHLQGLFDWLRQV7KHVHQRQGHIHFWLQGLFDWLRQV
DUHUHIHUUHGWRDVVWUXFWXUDOQRLVHEHFDXVHXQOLNHPHDVXUHPHQWQRLVHWKH\DUHGHWHUPLQLVWLFDFURVV
UHSHDWHGPHDVXUHPHQWV+RZHYHUVWUXFWXUDOQRLVHGRHVYDU\DFURVVGLIIHUHQWLQVSHFWLRQWHFKQLTXHV
ZKHUHDVDFWXDOIODZVDUHFKDUDFWHUL]HGE\PXOWLVHQVRUDJUHHPHQW7KLVFRQFHSWOLHVDWWKHKHDUWRI1'7
GDWDIXVLRQ2QRWKHUZRUGVPXOWLVHQVRULQVSHFWLRQGLIIHUHQWLDWHVIODZLQGLFDWLRQVIURPVWUXFWXUDOQRLVH
WKXVSURYLGLQJPRUHUHOLDEOHDVVHVVPHQW

6HQVRUIXVLRQFDQEHSHUIRUPHGDWYDULRXVOHYHOVRIVLJQDODEVWUDFWLRQ>@HDFKZLWKVSHFLILFGUDZEDFNV
DQGDGYDQWDJHV,QSDUWLFXODUGHFLVLRQOHYHOIXVLRQGHDOVZLWKWKHKLJKHUOHYHODJJUHJDWLRQRIGDWDDIWHU
LQGLYLGXDOGHWHFWLRQ7KDWLVHDFKVLJQDOLVILUVWSURFHVVHGLQGLYLGXDOO\DQGWKHQIHGLQWRWKHIXVLRQ
DOJRULWKP:HDUJXHWKDWGHFLVLRQOHYHOIXVLRQKDVVHYHUDODGYDQWDJHVRYHUVLJQDOOHYHOIXVLRQIRU1'7
LQVSHFWLRQ)LUVWXQOLNHVLJQDOOHYHOIXVLRQLWGRHVQRWUHTXLUHREWDLQLQJLQGLYLGXDOVLJQDOYDOXHVDWWKHYHU\
VDPHORFDWLRQVE\LQWHUSRODWLRQ$OWKRXJKDVSDWLDODVVRFLDWLRQVWHSLVVWLOOQHFHVVDU\WRSUHSDUHLQGLYLGXDO
GHWHFWLRQVIRUIXVLRQGHFLVLRQOHYHOIXVLRQFDQZRUNRQWKHXQLQWHUSRODWHGRULJLQDOGDWD$VZHZLOO
GHPRQVWUDWHKHUHWKLVDSSURDFKDOORZVIRUH[SOLFLWKDQGOLQJRIORFDOL]DWLRQXQFHUWDLQW\IRULQVWDQFHGXHWR
UHJLVWUDWLRQHUURUV7KLVLVLQFRQWUDVWWRVLJQDOOHYHOIXVLRQZKHUHDFFXUDWHUHJLVWUDWLRQLVFUXFLDO>@
EHFDXVHHUURUVFDQKDUGO\EHFRPSHQVDWHG$QRWKHUDGYDQWDJHRIKLJKOHYHOIXVLRQIRUGHIHFWGHWHFWLRQLV
WKHWZRVWDJHSURFHVVWKHPHDVXUHPHQWVDUHVLIWHGRQFHIRUIODZVDVLQWUDGLWLRQDOVLQJOHVHQVRU
LQVSHFWLRQDQGDVHFRQGWLPHDIWHUIXVLRQ7KLVSURFHVVSURPLVHVWRHIIHFWLYHO\HOLPLQDWHPDQ\RIWKHIDOVH
DODUPVWKDWUHVXOWIURPVWUXFWXUDOQRLVH$IXUWKHUPDMRUEHQHILWLVWKHVWUDWHJ\“?VPRGXODULW\7KHLQGLYLGXDO
GDWDFROOHFWLRQDQGSURFHVVLQJFDQEHFDUULHGRXWLQGHSHQGHQWO\E\WKHUHVSHFWLYHH[SHUWVWRWDLORUWKH
GHWHFWLRQSURFHVVVSHFLILFDOO\WRHDFKLQVSHFWLRQPHWKRG2QHSUDFWLFDOEHQHILWRIWKHPRGXODULW\RIIHUHGE\
GHFLVLRQOHYHOIXVLRQLVWKDWLWDOORZVFRPELQLQJLQGLYLGXDOUHVXOWVHYHQLIIXVLRQZDVQRWHQYLVLRQHGLQWKH
RULJLQDOWHVWLQJSODQ7KLVDOVRIDFLOLWDWHVLQGHSHQGHQFHIURPWKHW\SHRIGDWDVRXUFHPDNLQJLWSRVVLEOHWR
DJJUHJDWHKHWHURJHQHRXVPRGDOLWLHVUDQJLQJIURPPDQXDOLQVSHFWLRQGDWDWRWKHRXWSXWRIIXOO\DXWRPDWHG
VFDQQLQJV\VWHPV&RQVHTXHQWO\GLIIHUHQWVRXUFHVRILQIRUPDWLRQFDQEHHIIRUWOHVVO\H[FKDQJHGDQGWKH
IXVLRQVWUDWHJ\LVUHDGLO\DGDSWHGWRXQNQRZQIXWXUHFKDQJHVRILQSXWVRXUFHV
$OWKRXJKWKHUHDUHUHFHQWVWXGLHVLQ1'7SURSRVLQJGHFLVLRQOHYHOIXVLRQHJE\ZHLJKWHGDYHUDJLQJ>@
K\SRWKHVLVWHVWLQJ>@DQG%D\HVLDQRU'HPSVWHU6KDIHUWKHRU\>@DOORIWKHVHZRUNVVWLOOUHO\RQLPDJH
UHJLVWUDWLRQDQGLQWHUSRODWLRQWRSHUIRUPIXVLRQDWFRPPRQJULGSRLQWV,QIDFWZHDUHQRWDZDUHRIDQ\
GDWDIXVLRQSXEOLFDWLRQLQWKHILHOGRI1'7GHDOLQJZLWKVFDWWHUHGGHFLVLRQOHYHOIXVLRQLHXVLQJWKH
RULJLQDOPHDVXUHPHQWORFDWLRQVGHVSLWHWKHDIRUHPHQWLRQHGDGYDQWDJHV
:HSURSRVHDQHZIXVLRQVWUDWHJ\WKDWFRPELQHVVSDWLDOO\VFDWWHUHGGHWHFWLRQORFDWLRQVWRLPSURYHWKH
GHWHFWLRQSHUIRUPDQFHFRPSDUHGWRVLQJOHVRXUFHPHWKRGV,QWKLVSDSHUZHZLOODGGUHVVWKHSUREOHPRI
QRQGHVWUXFWLYHVXUIDFHLQVSHFWLRQDOWKRXJKWKHPHWKRGRORJ\LVTXLWHJHQHULFDQGFDQEHHDVLO\H[WHQGHG
WRWKHWKUHHGLPHQVLRQDOFDVHRIYROXPHLQVSHFWLRQ2XUDSSURDFKLVGHWDLOHGLQVHFWLRQZKHUHWKH
JHQHUDOLGHDLVLQWURGXFHGXVLQJDVLPSOHH[DPSOH6XEVHTXHQWO\ZHIRUPDOL]HWKHSUREOHPGHVFULEHRXU
PHWKRGDQGSURYLGHSUDFWLFDOWHFKQLTXHVIRUDXWRPDWLFSDUDPHWHUHVWLPDWLRQ7KHGHYHORSHGDSSURDFKLV
WKHQDSSOLHGWRH[SHULPHQWDOPXOWLVHQVRU1'7PHDVXUHPHQWVE\WKUHHGLIIHUHQWLQVSHFWLRQPHWKRGV
)LQDOO\ZHTXDQWLWDWLYHO\GHPRQVWUDWHWKHHQKDQFHGSHUIRUPDQFHRIPXOWLVHQVRUFUDFNGHWHFWLRQXVLQJ
RXUWHFKQLTXHRYHUVLQJOHVHQVRULQVSHFWLRQ

2 Methodology 
3HUVHQVRUGHWHFWLRQLVGRQHDIWHULQGLYLGXDOSUHSURFHVVLQJXVLQJVLPSOHUXOHVVXFKDVWKUHVKROGLQJ7KH
UHVXOWRILQGLYLGXDOGHIHFWORFDOL]DWLRQLVDVHWRIGHWHFWLRQV =  , DOVRWHUPHGKLWVVFDWWHUHGDFURVV
WKHVSHFLPHQ
VVXUIDFHHDFKH[KLELWLQJDFHUWDLQVLJQDOWRQRLVHUDWLR615)RUH[DPSOHFRQVLGHU
)LJXUHIRUDQRXWFRPHRILQGLYLGXDOVXUIDFHLQVSHFWLRQXVLQJWZR1'7PHWKRGV,QFDVHVDWRGHDFKGRW
PDUNVDKLWDFFRUGLQJWRVRPHGHWHFWLRQUXOHSHUVHQVRU$PRQJWKHKLWVWKHUHDUHDOVRIDOVHDODUPVIRU
LQVWDQFHLQGLFDWLQJFKDQJHVLQPDWHULDOSURSHUWLHVXQUHODWHGWRDGHIHFWVWUXFWXUDOQRLVH6XFKIDOVH
DODUPVDUHLOOXVWUDWHGE\FDVHVEDQGFLQ)LJXUH8VLQJVLQJOHVHQVRULQVSHFWLRQWKHVHIDOVHDODUPV
FDQQRWEHGLVWLQJXLVKHGIURPLQGLFDWLRQVSURGXFHGE\DFWXDOGHIHFWVVXFKDVWKRVHVKRZQLQD$PXOWL
VHQVRUGDWDVHWRQWKHRWKHUKDQGLVDEOHWRUHYHDODDVDUHDOGHIHFWE\DVVHVVLQJWKHDJUHHPHQWDPRQJ
GLIIHUHQWGHWHFWLRQPHWKRGV+HUHDJUHHPHQWLVH[SUHVVHGLQWHUPVRIMRLQWVSDWLDOGHQVLW\RIKLWVWDNLQJ
LQWRDFFRXQWDOOVHQVRUV2XUUDWLRQDOHLVWKDWWKHMRLQWKLWGHQVLW\LVKLJKHURYHUUHDOGHIHFWVWKDQLQRWKHU
DUHDVSURYLGHGVXIILFLHQW615IRUDWOHDVWWZRVHQVRUV2QWKHFRQWUDU\DFOHDUFRQIOLFWRFFXUVZKHUHRQO\
RQHVHQVRUJHQHUDWHVKLWVDQGWKXVWKHMRLQWGHQVLW\LVQRWVLJQLILFDQWO\LQFUHDVHGUHODWLYHWRWKHLQGLYLGXDO
VHQVRUGHQVLW\7KLVFRQFHSWLVGHSLFWHGDWWKHERWWRPRI)LJXUHZKHUHIRUHDFKVHQVRUWKHVSDWLDO
GHQVLW\RIKLWVDFURVVWKHVSHFLPHQVXUIDFHLVV\PEROL]HG2QO\LQFDVHDERWKVHQVRUVDJUHHLQLQFUHDVHG
VSDWLDOGHQVLW\ZKHUHDVLQFDVHVEDQGFWKHVHQVRUVGRQRWDJUHH$OWKRXJKWKHUHLVDOVRDJUHHPHQWLQ
FDVHGDVZHOOWKHMRLQWGHQVLW\LVQRWVLJQLILFDQWHQRXJKLQGLFDWLQJWKHORZOLNHOLKRRGRIGHIHFWSUHVHQFH
7KLVH[DPSOHGHPRQVWUDWHVWKHSRWHQWLDORIWKHMRLQWVSDWLDOGHQVLW\DVDPHDVXUHIRUPXOWLVHQVRU
GHWHFWLRQ

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIWKHSULQFLSOHRIWKHDSSURDFK7KHGHWHFWLRQRXWFRPHRIWZRGLIIHUHQW1'7
PHWKRGVDUHUHSUHVHQWHGE\FLUFOHVDQGFURVVHVIRUIRXUFDVHVDG)RUHDFKFDVHWKHFRUUHVSRQGLQJVSDWLDO
GHQVLWL\SHUVHQVRULVSORWWHGEHORZ7KHOLNHOLKRRGRIREVHUYLQJDWUXHGHIHFWJUD\DUHDGHSHQGVRQERWKVHQVRUV
\LHOGLQJVLJQLILFDQWKLWGHQVLWLHV
:HSURSRVHHYDOXDWLQJWKHORFDOKLWGHQVLW\DVDPHDVXUHIRUPXOWLVHQVRUGDWDIXVLRQDWGHFLVLRQOHYHO
7KHILUVWVWHSLVGHWHFWLRQSHULQGLYLGXDOVHQVRUV7KHLQLWLDOGHWHFWLRQUXOHVPXVWIRFXVRQVHQVLWLYLW\UDWKHU
sp
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
WKDQVSHFLILFLW\WKXVHQVXULQJWKDWDOOXQNQRZQUHDOGHIHFWLQGLFDWLRQVDUHUHWDLQHGIRUWKHILQDOGHWHFWLRQ
E\IXVLRQ$WWKHVDPHWLPHZHZRXOGVWLOOZDQWWRGLVFDUGDVPDQ\IDOVHDODUPVDVSRVVLEOH)RUH[DPSOH
PRVWRIWKHW\SLFDOVLJQDOLQWHQVLWLHVDUHQHDU]HUR7KHUHIRUHDVLPSOHWKUHVKROGLQJRSHUDWLRQVLJQLILFDQWO\
UHGXFHVWKHQXPEHURISRWHQWLDOGHIHFWLQGLFDWLRQVSHUVHQVRUDQGWKXVVLPSOLILHVWKHVXEVHTXHQWGDWD
IXVLRQHIIRUWV6LQFHWKHGHWHFWLRQPHWKRGLVLQGHSHQGHQWIURPWKHSURSRVHGIXVLRQDSSURDFKWKHPRVW
VXLWDEOHGHWHFWLRQFULWHULRQIRUHDFKVHQVRUFDQEHXVHG
0RUHRYHUWKHORFDWLRQVUHWXUQHGE\WKH1'7VHQVRUVKDYHWREHUHODWHGLIWKH\DUHQRWGHILQHGZLWK
UHVSHFWWRWKHVDPHFRRUGLQDWHV\VWHP5DWKHUWKDQPHDVXULQJDWWKHYHU\VDPHORFDWLRQVRQWKH
VSHFLPHQLWLVRIWHQPRUHSUDFWLFDOWRPDWKHPDWLFDOO\UHJLVWHUWKHLQGLYLGXDOORFDOFRRUGLQDWHV\VWHPVDIWHU
WKHPHDVXUHPHQWVZHUHFDUULHGRXW7KHUHIRUHIRUHDFKVHQVRUSDLUZHILQGFRUUHVSRQGLQJORFDWLRQVLQ
WKHVHQVRUGDWDDQGILWDFRRUGLQDWHWUDQVIRUPDWLRQPRGHOWKDWPLQLPL]HVWKHGLVWDQFHEHWZHHQHDFKSDLU
RIFRUUHVSRQGLQJORFDWLRQV1RWHWKDWLQFRQWUDVWWRIXVLRQDWWKHVLJQDOOHYHOWKLVWUDQVIRUPDWLRQLVQRW
XVHGKHUHWRLQWHUSRODWHWKHVHQVRUGDWDYDOXHV5DWKHUIRUGHFLVLRQOHYHOIXVLRQWKHWUDQVIRUPDWLRQV
DOORZWRH[SUHVVWKHORFDWLRQVRIWKHLQGLYLGXDOGHWHFWLRQVLQDQ\RIWKHVHQVRUV“?FRRUGLQDWHV\VWHPV:H
QRWHWKDWDOWKRXJKHDFK1'7PHWKRGXVXDOO\XVHVJULGGHGPHDVXUHPHQWSRVLWLRQVWKHPDSSHGKLW
ORFDWLRQVDIWHUUHJLVWUDWLRQDUHQRWMRLQWO\JULGGHGLQWKHFRPPRQFRRUGLQDWHV\VWHPEXWDSSHDUVFDWWHUHG
LQVWHDG
2QHFHQWUDOFKDOOHQJHLQWKHGHFLVLRQOHYHOIXVLRQRIQRQJULGGHGORFDWLRQVLVWKHXQFHUWDLQW\LQ
ORFDOL]DWLRQ7ZRPDLQIDFWRUVFRQWULEXWHWRWKLVXQFHUWDLQW\)LUVWHDFKVHQVRU“?VORFDOL]DWLRQDELOLW\LV
OLPLWHGE\WKHSK\VLFDOUHVROXWLRQDVZHOODVWKHVSDWLDOVDPSOLQJUDWH6HFRQGWKHFRRUGLQDWH
WUDQVIRUPDWLRQVFRPSXWHGGXULQJVSDWLDOUHJLVWUDWLRQDUHLQDFFXUDWHWRVRPHGHJUHHEHFDXVHWKH
PDQXDOO\VHWSRLQWSDLUVGRQRWSHUIHFWO\PDWFKRUWKHGDWDGRQRWILWWKHWUDQVIRUPDWLRQPRGHOZHOOHQRXJK
7REHUREXVWDIXVLRQDSSURDFKPXVWDGHTXDWHO\FRSHZLWKWKHLQKHUHQWXQFHUWDLQWLHVDERXWKLWSRVLWLRQV
DQGPXVWDVVRFLDWHQHDUE\SRLQWVIRUWKHSXUSRVHRIGHQVLW\TXDQWLILFDWLRQ7KLVORRVHFRQFHSWRI
“?SUR[LPLW\“?PXVWWKHUHIRUHEHPDWKHPDWLFDOO\IRUPDOL]HG
7RWKLVHQGYDULRXVQRQSDUDPHWULFWHFKQLTXHVKDYHEHHQGHYHORSHGVXFKDV0HDQVKLIW>@'%6&$1
>@237,&6>@6SHFWUDOFOXVWHULQJ>@DQG.HUQHOGHQVLW\HVWLPDWLRQ.'(>@:HKDYHVHOHFWHG
WKHIUDPHZRUNRINHUQHOGHQVLW\HVWLPDWLRQIRUWKLVVWXG\7KLVFKRLFHZDVPRWLYDWHGE\FRQVLGHULQJWKDW
RXUGDWDVSDFHW\SLFDOO\KDVRQO\WZRRUWKUHHVSDWLDOGLPHQVLRQVLQGHSHQGHQWIURPWKHQXPEHURI
VHQVRUV7KHUHIRUHWKHGHQVLW\FDQEHGLUHFWO\PRGHOHGZLWKRXWEHLQJDIIHFWHGE\WKHFXUVHRI
GLPHQVLRQDOLW\)XUWKHUPRUHLWDOORZVXVWRHYDOXDWHWKHGHQVLW\DWDUELWUDU\SRVLWLRQVQRWRQO\DWWKHKLWV
1H[WZHZLOOIRUPDOO\LQWURGXFHRXUPHWKRGXVLQJLGHDVIURP.'(
2.1 Kernel density estimation (KDE) 
.'(LVDQRQSDUDPHWULFVWDWLVWLFDOPHWKRGWRHVWLPDWHDSUREDELOLW\GHQVLW\IXQFWLRQ	
IURPDVHWRI
VDPSOHV7KHUHVXOWLVDFRQWLQXRXVIXQFWLRQFRPSXWHGIURPDZHLJKWHGVXPRINHUQHOIXQFWLRQVZLWK

DQDVVRFLDWHGEDQGZLGWKℎHDFKFHQWHUHGRYHURQHRIWKHVDPSOHV	
 = ∑   ∑   − ZLWK =   6RPHIXQFWLRQVTXDOLI\LQJDVDNHUQHODUHWKHXQLIRUPWULDQJOH*DXVVLDQRU
(SDQHFKQLNRYNHUQHOIXQFWLRQV7KHEDQGZLGWKℎFRQWUROVWKHVL]HRIWKHQHLJKERUKRRGLQZKLFKHDFK
VDPSOHLQIOXHQFHVWKHGHQVLW\7KHFKRLFHRIWKHEDQGZLGWKLVFULWLFDOIRUWKHRYHUDOOSHUIRUPDQFHRIWKH
DOJRULWKP,IWKHEDQGZLGWKLVFKRVHQWRRZLGH.'(UHVXOWVLQDQRYHUO\VPRRWKHGGHQVLW\WKXVORVLQJ
LPSRUWDQWGHWDLOVRIWKHGLVWULEXWLRQ2QWKHRWKHUKDQGLILWLVFKRVHQWRRQDUURZWKHHVWLPDWHDGDSWVWRR
PXFKWRWKHVSHFLILFUHDOL]DWLRQRIWKHVDPSOHVHWWKXVPLVVLQJWKHJOREDOIHDWXUHVRIWKHGHQVLW\7KLV
SUREOHPKDVEHHQZHOOVWXGLHGDQGVHYHUDOVROXWLRQVKDYHEHHQSURSRVHG>@:HZLOOGHVFULEHKRZWR
DXWRPDWLFDOO\FRPSXWHDVXLWDEOHEDQGZLGWKIRURXUSUREOHPLQVHFWLRQ
7KHJHQHUDOIRUPXODWLRQJLYHQDERYHIRU.'(LQFOXGHVWKHQRUPDOL]DWLRQFRQVWDQW∑  HQVXULQJWKDW
WKHGHQVLW\LQWHJUDWHVWRRQH:HSURFHHGZLWKDVLPSOHUXQQRUPDOL]HGYHUVLRQRI.'(E\GURSSLQJWKH
QRUPDOL]DWLRQFRQVWDQW)XUWKHUPRUHVLQFHWKHGHQVLW\HVWLPDWHLVDZHLJKWHGVXPZLWKRQHWHUPSHUGDWD
SRLQWZHFDQSDUWLWLRQWKHGDWDVHWDQGDJJUHJDWHWKHWRWDOGHQVLW\IXQFWLRQ	
IURPWKHVXEGHQVLWLHV	
ZKLFKLQFOXGHRQO\WKHVDPSOHVIURPHDFKSDUWLWLRQ	
 =  	 =    − ∈ ! "GHQRWHVDVXEVHWRIDOOSRLQWVVXFKWKDWSDUWLWLRQVGRQRWRYHUODSDQGWKHXQLRQRIDOOSDUWLWLRQVFRYHUV
WKHFRPSOHWHGDWDVHW7KLVUHDUUDQJHPHQWLVWDNHQXSLQWKHIROORZLQJVHFWLRQWRJURXSGHWHFWLRQVE\
HDFKVHQVRU
.'(FDQEHH[WHQGHGWRYHFWRUYDOXHGVDPSOHV7RWKLVHQGOHW#$GHQRWHWKHLWKYHFWRUYDOXHGEROGIDFH
VDPSOHDQGOHW%GHQRWHWKHYHFWRUYDOXHGORFDWLRQZKHUHWRHYDOXDWHWKHGHQVLW\0XOWLYDULDWH.'(LV
FRPSXWHGIURPPXOWLYDULDWHNHUQHOIXQFWLRQVDQGDQDVVRFLDWHGEDQGZLGWKPDWUL[&ZKLFKGHVFULEHVWKH
VFDOHDQGWKHRULHQWDWLRQRIWKHNHUQHOV$VSHFLDONLQGRIPXOWLYDULDWHNHUQHOLVWKHSURGXFWNHUQHOGHILQHG
E\'# = ∏ !  )#*!+ZKHUHRQHXQLYDULDWHNHUQHOIRUHDFKGLPHQVLRQLVHYDOXDWHG7KHℎDUHWKH
HQWULHVRIWKHGLDJRQDOEDQGZLGWKPDWUL[LHSURGXFWNHUQHOVDUHQRWDUELWUDULO\RULHQWHGLQWKHGDWDVSDFH
:HXVHSURGXFWNHUQHOVLQRXUDSSURDFKZKLFKLVGHVFULEHGQH[W
2.2 Scattered decision-level fusion 
,QWKLVVHFWLRQZHGHYHORSDQHZIXVLRQPHWKRGIRURXU1'7SUREOHPEDVHGRQFRQFHSWVIURP.'(+HUH
WKHUROHRIWKHYHFWRUYDOXHGGDWDVDPSOH#$LVWDNHQE\WKHWZRGLPHQVLRQDOKLWORFDWLRQDVGHWHFWHGE\
DVLQJOHVHQVRU,GXULQJVXUIDFHLQVSHFWLRQ7KHIXVHGGHQVLW\IRUGHIHFWGHWHFWLRQ	
LVFRPSXWHGDV
 


	
- = .  	
/-/∈0/1,…/34 5 − max/∈0/1,…/34 	
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/- =  : 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,Q(TXDWLRQ	
-LVWKHHVWLPDWHGGHQVLW\HYDOXDWHGDWDUELWUDU\ORFDWLRQ- = Q , QRQWKHVSHFLPHQ
VXUIDFH7KLVGHQVLW\LVFRPSXWHGIURPWKHVXPRIDOOSHUVHQVRUGHQVLWLHV	
/-HDFKRIZKLFKRQO\
UHJDUGVGHWHFWLRQV =  ,  ∈ R,WKDWZHUHIRXQGE\VHQVRU,
$NH\HOHPHQWRIRXUPHWKRGLVWRH[SOLFLWO\SHQDOL]HVLWXDWLRQVLQZKLFKRQO\DVLQJOHVHQVRUPDNHVWKH
PDMRUFRQWULEXWLRQWRWKHVXPRIGHQVLWLHVIRUHDFKHYDOXDWLRQSRLQW-ZHVXEWUDFWWKHPD[LPXPVLQJOH
VHQVRU.'(DWWKLVORFDWLRQ7KLVVWHSUHDOL]HVWKHTXDQWLILFDWLRQRIDJUHHPHQWDPRQJVHQVRUVEHFDXVHD
ODUJHIXVHGVFRUHQRZUHTXLUHVDWOHDVWWZRVHQVRUVZLWKKLJKLQGLYLGXDOGHQVLWLHV7KXV	
LVH[SHFWHGWR
EHKDYHVLPLODUO\WRWKHIXQFWLRQLQGLFDWHGE\WKHVKDGHGDUHDLQ)LJXUH1RWHWKDWLQWKHFDVHRIRQO\WZR
VHQVRUVVXEWUDFWLQJWKHPD[LPXPLVHTXDOWRWKHPLQLPXPIXVLRQUXOHZKLFKLVDIX]]\$1'RSHUDWRU
DQGLVLQIDFWWKHRSHUDWLRQXVHGWRJHQHUDWHWKHVKDGHGDUHDLQWKHILJXUH+RZHYHUDVPRUHWKDQWZR
VHQVRUVDUHLQYROYHGUHTXLULQJWKDWDOOVHQVRUVLQGLFDWHDGHIHFWVHHPVWRRVWULFW7KHUHIRUHLJQRULQJWKH
PD[LPXPFRQWULEXWLRQFDQEHYLHZHGDVDPXFKPLOGHUYHUVLRQRIWKH$1'IXVLRQUXOH
7RFRPSXWHWKHSHUVHQVRUGHQVLWLHV	
/-WKHSRLQWRILQWHUHVW-LVPDSSHGWRWKHORFDOFRRUGLQDWHV\VWHP
WKURXJKWKHFRRUGLQDWHWUDQVIRUP=/ZKHUHWKHGLVWDQFHEHWZHHQ-DQGHDFKGHWHFWLRQLVFRPSXWHGDV
VKRZQLQ(TXDWLRQ7KLVPHDVXUHRISUR[LPLW\LVFRQYHUWHGWRDPHDVXUHRIGHQVLW\E\WKHSHUVHQVRU
NHUQHOIXQFWLRQ;< $OWKRXJKLQSULQFLSOHWKHXVHRIDQ\NHUQHOW\SHLVYDOLGZHVXJJHVWXVLQJD
FRPSDFWO\VXSSRUWHGNHUQHOIXQFWLRQOLNHWKH(SDQHFKQLNRYSURGXFWNHUQHODVGHILQHGLQ(TXDWLRQ7KH
FRPSDFWVXSSRUWKDVWKHDGYDQWDJHRIOLPLWLQJWKHVSDWLDOLQIOXHQFHDUHDRIHDFKGHWHFWLRQZKLFKLV
H[SUHVVHGE\WKHNHUQHOEDQGZLGWKSDUDPHWHUV; = ℎ , ℎDQGWKXVIDFLOLWDWHVIDVWHUFRPSXWDWLRQWKDQ
HJWKHQRQYDQLVKLQJ*DXVVLDQNHUQHO:HIXUWKHUDGDSWWKHNHUQHOIXQFWLRQ;VRWKDWLQVWHDGRI
LQWHJUDWLQJWRXQLW\LWVPD[LPXPLVQRUPDOL]HGWRRQH7KHUDWLRQDOHEHKLQGWKLVFKRLFHLVGLVFXVVHGLQ
YLHZRIDXWRPDWLFEDQGZLGWKVHOHFWLRQLQWKHIROORZLQJVHFWLRQ,QDGGLWLRQQRWHWKDWLQVWHDGRI
WUDQVIRUPLQJWKHLQGLYLGXDOGHWHFWLRQORFDWLRQVWRWKHFRRUGLQDWHV\VWHPRI-ZHIROORZWKHFRQYHUVH
DSSURDFKWRPDSWKHGHQVLW\HYDOXDWLRQORFDWLRQV-WRHDFKVHQVRU“?VV\VWHP7KLVVLPSOLILHVGHQVLW\
HVWLPDWLRQEHFDXVHLQHDFKORFDOV\VWHPWKHUHVSHFWLYHNHUQHOVDUHD[LVDOLJQHGDVZLOOEHH[SODLQHGLQ
WKHQH[WVHFWLRQ7KLVIDFLOLWDWHVXVLQJDPXOWLYDULDWHSURGXFWNHUQHOLQFRQWUDVWWRJHQHUDONHUQHOVZLWK

QRQGLDJRQDOEDQGZLGWKPDWUL[)LJXUHYLVXDOL]HVWKHUROHRIWKHFRRUGLQDWHWUDQVIRUPDWLRQ=SLQRXU
PHWKRG
7RIXUWKHUDGMXVWWKHTXDQWLILFDWLRQRIGHQVLW\ZHVFDOHWKHNHUQHOIXQFWLRQVDFFRUGLQJWRWKHZHLJKW:SHU
GHWHFWLRQ7KHVHZHLJKWVFRQWUROWKHLQIOXHQFHRIHDFKGHWHFWLRQRQWKHILQDO.'(:HVHWHDFKZHLJKW
SURSRUWLRQDOWRWKHGHWHFWLRQ“?VVLJQDOWRQRLVHUDWLRVRWKDWFOHDULQGLFDWLRQVKDYHPRUHLPSDFWRQWKHILQDO
GHQVLW\WKDQLQVLJQLILFDQWRQHV$OVRWKHZHLJKWVRIIHUDGGLWLRQDOIOH[LELOLW\WRUHJXODWHWKHIXVLRQUHVXOWZLWK
UHJDUGVWRVSHFLILFVHQVRUVRUGLIIHUHQWLQVSHFWLRQDUHDV
,QWRWDORXUIXVLRQDSSURDFKLQFOXGHVWKUHHPHFKDQLVPVWRHQVXUHUREXVWQHVVDJDLQVWIDOVHDODUPV
TXDQWLILFDWLRQRIGHQVLW\VXEWUDFWLRQRIWKHPD[LPXPVLQJOHVHQVRUFRQWULEXWLRQDQGGHFLVLRQZHLJKWLQJ
DFFRUGLQJWRVLJQLILFDQFH

)LJXUH&RRUGLQDWHWUDQVIRUPDWLRQGXULQJWKHFRPSXWDWLRQRIWKHIXVHGGHQVLW\7KHWZREODFNFRRUGLQDWHV\VWHPVLQ
DDQGEDUHUHODWHGWKURXJKWKHFRRUGLQDWHWUDQVIRUP=S
D&RRUGLQDWHV\VWHPLQZKLFKWKHIXVHGGHQVLW\ZLOOEHHYDOXDWHGDWJULGGHGSRLQWV-7KHFRRUGLQDWHV\VWHPVRIWKH
LQGLYLGXDOVHQVRUVZKHUHWKHGHWHFWLRQVDUHGHILQHGDUHQRWD[LVDOLJQHGZLWKWKHJOREDOV\VWHP,QSDUWLFXODUWKH
NHUQHOVZRXOGUHTXLUHQRQGLDJRQDOEDQGZLGWKPDWULFHV
E&RRUGLQDWHV\VWHPRIRQHRIWKHVHQVRUVJLYHQE\LWVPHDVXUHPHQWJULG)RUVLQJOHVHQVRUGHQVLW\HVWLPDWLRQ
NHUQHOVDUHD[LVDOLJQHGWRWKHVHQVRU“?VV\VWHPWKXVIDFLOLWDWLQJSURGXFWNHUQHOV7KHVLQJOHVHQVRUGHQVLW\LVWKHQ
HYDOXDWHGDWWKHWUDQVIRUPHGSRLQWV=/-
2.3 Automatic bandwidth estimation 
:HFDQXVHRXUEDFNJURXQGNQRZOHGJHDERXWWKHQDWXUHRIRXUGDWDWRGHGXFHWKHPLQLPXPUHTXLUHG
YDOXHVIRUWKHEDQGZLGWK,QWXLWLYHO\WKHGHQVLW\HVWLPDWRUVKRXOGDOZD\VEHDEOHWRVPRRWKO\LQWHUSRODWH
EHWZHHQQHLJKERULQJGDWDSRLQWV)RU1'7GDWDWKHVPDOOHVWSRVVLEOHGLVWDQFHEHWZHHQDQ\WZR
GHWHFWLRQVRIWKHVDPHVHQVRULVJLYHQE\WKHNQRZQVSDWLDOVDPSOLQJLQWHUYDOV)RUDPHDVXUHPHQWJULG
SHUVHQVRU,WKHWZRVSDWLDOVDPSOLQJGLVWDQFHVDUHGHQRWHGE\Δ/ , Δ/ LQWKHVHQVRU“?VFRRUGLQDWHV\VWHP
7RHQVXUHWKDWQHLJKERULQJOLQHVFDQVFURVVLQJWKHVDPHGHIHFWGRQRWIRUPGLVFRQQHFWHGGHQVLW\SHDNV
WKHNHUQHOIXQFWLRQVVKRXOGDWOHDVWVWUHWFKDFURVVRQHSL[HOLQWKHVHQVRULPDJH+RZHYHUWRDYRLG
U;
p
 U;
a) b)VWX
VW
global coordinate system
sensor‘s local system
sensor‘s local system
global coordinate system

PHUJLQJWZRXQUHODWHGLQGLFDWLRQVWKHNHUQHOVVKRXOGQRWEHPDGHPXFKODUJHU7KHUHIRUHZHSURSRVH
WRXVHSURGXFWNHUQHOVZLWKPLQLPXPEDQGZLGWKSDUDPHWHUVRI;S = ℎ , ℎ =  Δ/ , Δ/ IRUHDFKVHQVRU,W
LVQDWXUDOWRXVHSURGXFWNHUQHOVIRUJULGGHGLQGLYLGXDOPHDVXUHPHQWVEHFDXVHWKHEDQGZLGWKVGLUHFWO\
FRUUHVSRQGWRWKHSK\VLFDOSL[HOGLPHQVLRQV1RWHWKDWLQFRQYHQWLRQDO.'(EURDGHUNHUQHOVDUH
QHFHVVDULO\IODWWHUWRPDLQWDLQXQLWLQWHJUDO:HLQFRQWUDVWIL[WKHNHUQHO“?VSHDNYDOXHWRRQH
LQGHSHQGHQWO\IURPLWVVSDWLDOH[WHQW%\IROORZLQJWKLVSURFHGXUHHDFKVHQVRUFRQWULEXWHVHTXDOO\WRWKH
MRLQWGHQVLW\UHJDUGOHVVRILWVVSDWLDOORFDOL]DWLRQFKDUDFWHULVWLFV)LJXUHLOOXVWUDWHVWKLVFRQFHSW
7KHDIRUHPHQWLRQHGNHUQHOVL]HLVDPLQLPDOVHWWLQJ,QSUDFWLFHWKHPRVWVLJQLILFDQWIDFWRUFRQWULEXWLQJWR
WKHORFDOL]DWLRQXQFHUWDLQW\PD\QRWEHWKHVSDWLDOVDPSOLQJEXWLQHYLWDEOHUHJLVWUDWLRQHUURUV7KHNHUQHO
VL]HVVKRXOGEHVHWODUJHHQRXJKWRVPRRWKRXWWKHVHXQZDQWHGYDULDWLRQVDQGWRDVVRFLDWHSRRUO\
UHJLVWHUHGLQGLFDWLRQV$VDJHQHUDODSSURDFKZHSURSRVHWKHIROORZLQJNHUQHOVL]H;S = ℎ , ℎ = max0Δ/ , CY4, maxZΔ/ , CY[ZKHUHCY GHQRWHVDQHVWLPDWHRIWKHORFDOL]DWLRQXQFHUWDLQW\IRULQVWDQFHWKH
PHDQUHJLVWUDWLRQHUURU+RZHYHUQRWHWKDWLQWKLVDSSURDFKWKHDGYDQWDJHRIKDYLQJVSDWLDOO\DFFXUDWH
VHQVRUVPD\EHORVW$OVRZLWKLQFUHDVLQJNHUQHOVL]HFORVHO\VLWXDWHGGHIHFWVEHFRPHKDUGHUWR
VHSDUDWH7KHUHIRUHRXUGHQVLW\EDVHGDSSURDFKZLOOVXEVWDQWLDOO\EHQHILWIURPKLJKTXDOLW\UHJLVWUDWLRQE\
IDFLOLWDWLQJVPDOONHUQHOVL]HV

)LJXUH.HUQHOIXQFWLRQVZLWKDXWRPDWLFDOO\FRPSXWHGEDQGZLGWKVIRUWKUHHVHQVRUVZLWKGLIIHUHQWVSDWLDOVDPSOLQJ
GLVWDQFHVHJLQPP)RUFODULW\RQO\RQHVSDWLDOGLPHQVLRQLVVKRZQSHUVHQVRU5HJLVWUDWLRQHUURUVDOVRLQIOXHQFH
WKHNHUQHOZLGWKVEXWWKLVLVLJQRUHGLQWKHGHSLFWLRQIRUFODULW\0RUHRYHULIGDWDZHLJKWVZHUHUHJDUGHGWKHNHUQHO
DPSOLWXGHVZRXOGEHVFDOHG

,QIDFWVRPH1'7PHWKRGVPLJKWKDYHFRDUVHVSDWLDOORFDOL]DWLRQDELOLW\GXHWRSK\VLFDOOLPLWDWLRQV
UHJDUGOHVVRIWKHVSDWLDOVDPSOLQJUDWH7KRVHVHQVRUVDUHFKDUDFWHUL]HGE\VSDWLDOO\VORZO\YDU\LQJ
VLJQDOV%HFDXVHLQVXFKFDVHVWKHVPDOOHVWSRVVLEOHGLVWDQFHEHWZHHQDQ\WZRGHWHFWLRQVLVODUJHUWKDQ
RQHSL[HOLWLVVHQVLEOHWRLQFUHDVHWKHNHUQHOVL]H
ℎ/
ℎ/D
ℎ/\
1
1
1

3 Application to experimental data 
7RGHPRQVWUDWHWKHIXVLRQWHFKQLTXH“?VSHUIRUPDQFHXQGHUUHDOLVWLFFRQGLWLRQVDWHVWVSHFLPHQFRQWDLQLQJ
VXUIDFHIODZVZDVLQVSHFWHGXVLQJWKUHHGLIIHUHQW1'7PHWKRGV,QWKLVVHFWLRQZHGHVFULEHWKH
VSHFLPHQWKHLQGLYLGXDOGDWDFROOHFWLRQDQGSURFHVVLQJDVZHOODVWKHDSSOLFDWLRQRIRXUIXVLRQDOJRULWKP
)LQDOO\ZHTXDQWLWDWLYHO\HYDOXDWHWKHHIIHFWRIYDULRXVFRQGLWLRQVRQWKHIXVLRQUHVXOWDQGFRPSDUHIXVHG
GHWHFWLRQDJDLQVWVLQJOHVHQVRUGHWHFWLRQ
3.1 Specimen 
7KHULQJVKDSHGWHVWVSHFLPHQLVDEHDULQJVKHOO>SS@PDGHRIVXUIDFHKDUGHQHGVWHHO$V
LOOXVWUDWHGLQ)LJXUHLWKDVDQRXWHUGLDPHWHURIPPDQGLVPPORQJLQLWVD[LDOGLUHFWLRQ&UDFNV
DUHVLPXODWHGE\PDFKLQHGJURRYHVWKDWDUHUHJXODUO\VSDFHGDFURVVWKHVXUIDFH7KHVHJURRYHVZHUH
FUHDWHGE\HOHFWULFDOGLVFKDUJHPDFKLQLQJDQGYDU\LQGHSWKIURPWRwPDVGHWDLOHGLQ7DEOH
*URRYHVKDYHFRQVWDQWOHQJWKVRIPPDQGWKHLURSHQLQJVYDU\EHWZHHQwPDQGwP7KH
VSHFLPHQ“?VVXUIDFHLVXQFRDWHGDQGLWVURXJKQHVVLVYHU\ORZWKXVHQDEOLQJKLJKTXDOLW\QHDUFRQWDFW
PHDVXUHPHQW

)LJXUH6FKHPDWLFYLHZRIWKHULQJVSHFLPHQQRWWRVFDOH7RSRXWHUSURSRUWLRQVRIWKHULQJ%RWWRPXQUROOHGRXWHU
VXUIDFH6KRUWYHUWLFDOOLQHVLQGLFDWHWKHSRVLWLRQVRIWKHJURRYHV
*URRYH               
'HSWKwP               
7DEOH*URRYHGHSWKV/DEHOVFRUUHVSRQGWRWKRVHVKRZQLQ)LJXUH
3.2 Individual measurements and processing 
)RUFUDFNGHWHFWLRQWKHHGLIIHUHQWLQVSHFWLRQWHFKQLTXHVZHUHXVHGWKDWDUHZHOOVXLWHGIRUWKHDXWRPDWHG
QRQGHVWUXFWLYHHYDOXDWLRQRIFUDFNVLQIHUURPDJQHWLFPHWDOV7KHILUVWPHWKRGLVFDOOHGHGG\FXUUHQWWHVWLQJ
(7$QH[FLWDWLRQFRLOLVUXQRYHUWKHVSHFLPHQVXUIDFH8VLQJWKLVFRLODQDOWHUQDWLQJFXUUHQWLQGXFHV
FLUFXODUHGG\FXUUHQWVLQWKHVSHFLPHQ“?VQHDUVXUIDFHUHJLRQ7KHVHFXUUHQWVDUHEORFNHGE\WKHSUHVHQFH

RIGHIHFWVWKXVDIIHFWLQJWKHLPSHGDQFHRIWKHSUREHFRLOZKLFKLVWKHPHDVXUHGVLJQDO7KHVHFRQG
PHWKRGHPSOR\HGKHUHLVWKHODVHULQGXFHGDFWLYHWKHUPRJUDSK\WHVWLQJ77$KLJKSRZHUODVHULVUXQ
DFURVVWKHVSHFLPHQWRORFDOO\KHDWXSWKHVXUIDFH,QGHIHFWIUHHUHJLRQVWKHKHDWIORZLVDEOHWR
GLVVLSDWHZKHUHDVGHIHFWVFDXVHORFDOL]HGKHDWDFFXPXODWLRQ$QLQIUDUHGFDPHUDPRQLWRUVWKHKHDWIORZ
GHFD\DQGJHQHUDWHVDGLJLWDOLPDJHVHTXHQFHIRUSURFHVVLQJ7KHWKLUGPHWKRGLVPDJQHWLFIOX[OHDNDJH
WHVWLQJ0)/7KHVSHFLPHQLVH[SRVHGORFDOO\WRDVWDWLFPDJQHWLFILHOGZKLFKVSUHDGVLQVLGHWKH
IHUURPDJQHWLFPDWHULDO$WQHDUVXUIDFHGHIHFWVWKHILHOGLVIRUFHGWR“?OHDN“?RXWRIWKHVSHFLPHQLQWR KH
DLUDOWKRXJKDLUKDVORZHUPDJQHWLFSHUPHDELOLW\WKDQWKHVSHFLPHQ7KLVOHDNDJHFDQEHGHWHFWHGE\
PDJQHWLFILHOGVHQVRUVVXFKDVJLDQWPDJQHWRUHVLVWDQFH*05VHQVRUV7KHIROORZLQJWKUHHLQVSHFWLRQV
ZHUHSHUIRUPHGVHTXHQWLDOO\GXULQJWKHFRXUVHRIDERXWRQH\HDU
(7ZDVFDUULHGRXWDWDQH[FLWDWLRQIUHTXHQF\RIN+]$QDXWRPDWHGVFDQQLQJGHYLFHURWDWHVWKH
VSHFLPHQXQGHUWKHIL[HGSUREH6LJQDOSURFHVVLQJLVEDVHGRQO\RQWKHLPDJLQDU\SDUWRIWKHPHDVXUHG
LPSHGDQFH7KHREWDLQHGRQHGLPHQVLRQDOVLJQDOVDUHSUHSURFHVVHGE\KLJKSDVVILOWHULQJIRUWUHQG
FRUUHFWLRQDQGE\ORZSDVVILOWHULQJWRLPSURYH615$QLPDJHLVIRUPHGE\VWDFNLQJWKHOLQHVFDQVLQ
D[LDOGLUHFWLRQRIWKHULQJ
7KH0)/GDWDZHUHFROOHFWHGXVLQJWKHVDPHVFDQQHUDVIRU(7DQGD*05VHQVRUDUUD\GHYHORSHGDW
%$0>@8VLQJWKHVHJUDGLRPHWHUVWKHQRUPDOFRPSRQHQWRIWKHPDJQHWLFVWUD\ILHOGZDVPHDVXUHG
ZKLOHWKHVSHFLPHQZDVORFDOO\PDJQHWL]HG3UHSURFHVVLQJFRPSULVHGWUHQGFRUUHFWLRQE\KLJKSDVV
ILOWHULQJSHUOLQHVFDQDQGDQDGDSWLYH'ZLHQHUILOWHUIRUQRLVHVXSSUHVVLRQ7KHLPDJHZDVWKHQ6REHO
ILOWHUHGWRKLJKOLJKWWKHVWHHSIODQNVWKDWDUHJHQHUDWHGE\WKHJUDGLRPHWHUVRYHUWKHJURRYHV
7KHUPRJUDSK\WHVWLQJZDVSHUIRUPHGE\URWDWLQJWKHVSHFLPHQXQGHUD:SRZHUHGODVHUZKLOH
UHFRUGLQJZLWKDQLQIUDUHGFDPHUD7KHPRYLHIUDPHVZHUHWKHQFRPSRVHGWRIRUPDQLPDJHRIWKH
VSHFLPHQVXUIDFH7KLVLPDJHLVSURFHVVHGE\'EDFNJURXQGVXEWUDFWLRQXVLQJPHGLDQILOWHULQJDQG
QRLVHZDVVXSSUHVVHGE\DQDGDSWLYH'ZLHQHUILOWHU
:HQRWHWKDWWKHSUHVHQWHGVLJQDODFTXLVLWLRQLVWDLORUHGWRWKHNQRZQJURRYHRULHQWDWLRQ,QDUHDOLVWLF
VHWWLQJZHZRXOGKDYHWRSHUIRUPDVHFRQGVFDQIRU(7DQG0)/WHVWLQJWRGHWHFWDQ\FLUFXPIHUHQWLDOO\
RULHQWHGGHIHFWVDVZHOO:HIXUWKHUHPSKDVL]HWKDWIRURXUVSHFLILFULQJVSHFLPHQWKH*05VHQVRUV\LHOG
IDUVXSHULRUUHVXOWVFRPSDUHGWR(7DQG77DQGZRXOGVXIILFHE\WKHPVHOYHVIRUVXUIDFHFUDFNGHWHFWLRQ
+RZHYHUVXFKSHUIRUPDQFHLVQRWJXDUDQWHHGIRURWKHUPDWHULDOVRULQFDVHRIVXERSWLPDOVXUIDFH
FRQGLWLRQVVRWKDWDPXOWLPHWKRGDSSURDFKLVVWLOOLQGHPDQG7RWDNHDGYDQWDJHRIDVPDQ\LQGHSHQGHQW
VRXUFHVRILQIRUPDWLRQDVSRVVLEOHGXULQJIXVLRQZHLQWHQWLRQDOO\ORZHUHGWKHTXDOLW\RIWKH0)/LPDJH
EHIRUHSUHSURFHVVLQJDQGGHWHFWLRQ7KLVZDVGRQHE\VHSDUDWLQJWKHWUXHGHIHFWLQGLFDWLRQVIURPWKH

:HXVHG0$7/$%“?VIXQFWLRQZLHQHU6HHKWWSGHPDWKZRUNVFRPKHOSLPDJHVUHIZLHQHUKWPO

EDFNJURXQGVLJQDOYDULDWLRQVXVLQJWKHVKLIWLQYDULDQWZDYHOHWWUDQVIRUP>@DQGE\UHFRQVWUXFWLQJWKH
VLJQDOZLWKDIDFWRURIIRUWKHQRLVHIUHHFRPSRQHQW$OWKRXJKWKLVGRHVQRWVLPXODWHDORZHUTXDOLW\
0)/PHDVXUHPHQWLQDSK\VLFDOO\UHDOLVWLFZD\WKHDSSURDFKDOORZVPDNLQJXVHRIWKHDFTXLUHG*05
VLJQDOVDVDWKLUGVRXUFHRILQIRUPDWLRQ:HMXVWLI\WKLVDOWHUDWLRQLQIDYRURIGHPRQVWUDWLQJWKHFDSDELOLWLHV
RIRXUIXVLRQWHFKQLTXHLQRWKHUVHWWLQJVZKHUHLQGLYLGXDOLQVSHFWLRQLVLQIDFWQRWUHOLDEOHHQRXJK
7KHUHIRUHIRUWKHUHVWRIWKHDUWLFOHZHFRQVLGHURQO\WKLVPRGLILHGYHUVLRQRIWKH0)/GDWD
7RFRQYH\DQLPSUHVVLRQRIWKHVLJQDOVZHVKRZDQH[HPSODU\SRUWLRQRIHDFKSUHSURFHVVHGLQVSHFWLRQ
LPDJHLQ)LJXUH7KHGLVSOD\HGSDUWRIWKHVSHFLPHQVXUIDFHLVDPPE\PPUHJLRQDURXQG
JURRYHQUZKLFKLVTXLWHVKDOORZDQGWKXVJHQHUDWHVUHODWLYHO\ZHDNLQGLFDWLRQV7KHILJXUH
GHPRQVWUDWHVWKHGLIIHUHQWVLJQDOSDWWHUQVDPRQJVHQVRUVFRQFHUQLQJERWKWKHJURRYHDQGWKH
EDFNJURXQGYDULDWLRQV$OVRWKHGLIIHUHQWSL[HOVL]HVDUHHYLGHQW$UHODWHGSORWLVVKRZQLQ)LJXUH
ZKHUHRQHGLPHQVLRQDOOLQHVFDQVFURVVLQJWKHJURRYHUHYHDOPRUHFOHDUO\WKHLQGLYLGXDOVHQVRU
UHVSRQVHV7KHGLIIHUHQWVSDWLDOVDPSOLQJSRVLWLRQVDUHGHPRQVWUDWHGE\WKHOLQHPDUNHUV7DEOHRIIHUVD
TXDQWLWDWLYHFRPSDULVRQRIWKHLQGLYLGXDOGDWDVHWV
$IWHULQGLYLGXDOSUHSURFHVVLQJWKHVDPHGHWHFWLRQURXWLQHZDVXVHGIRUDOOWKUHHLPDJHVWRH[WUDFWKLW
ORFDWLRQVDQGFRQILGHQFHVZKLFKZLOOODWHUEHIXVHGDWWKHGHFLVLRQOHYHO7RWKLVHQGZHFRQYHUWWKH
VLJQDOLQWHQVLWLHVWRFRQILGHQFHYDOXHVDQGDSSO\DWKUHVKROGWRH[WUDFWRQO\VLJQLILFDQWLQGLFDWLRQV
&RQILGHQFHYDOXHVDUHFRPSXWHGE\HVWLPDWLQJWKHGLVWULEXWLRQIXQFWLRQRIEDFNJURXQGVLJQDOLQWHQVLWLHV
IURPDGHIHFWIUHHDUHD7KLVHVWLPDWHVHUYHVDVWKHQXOOGLVWULEXWLRQ"]^__LQWKHVLJQLILFDQFHWHVW)RU
HDFKLPDJHSL[HO“?VLQWHQVLW\WKHSUREDELOLW\"]^__ ≥ LVFRPSXWHGDVWKHFRQILGHQFH3L[HOVDUH
FRQVLGHUHGVLJQLILFDQWKHUHLIWKHLUFRQILGHQFHH[FHHGV$GGLWLRQDOO\RQO\WKRVHKLWVWKDWDUHORFDO
PD[LPDZLWKUHJDUGWRWKHLUQHLJKERULQJSL[HOVDORQJWKHKRUL]RQWDOD[LVWKXVFURVVLQJWKHJURRYHVDUH
UHWDLQHG7KLVFRQVWUDLQWIXUWKHUILOWHUVPDQ\IDOVHDODUPVZKLOHPDNLQJWKHGHWHFWLRQUHVXOWVLQYDULDQWWR
GLIIHUHQWSHDNZLGWKV$IWHUUHJLVWUDWLRQWRDFRPPRQFRRUGLQDWHV\VWHPEDVHGRQPDQXDOO\GHILQHG
ORFDWLRQFRUUHVSRQGHQFHVLQWKHGDWDWKHILQDOVHWRIKLWVIURPDOOVHQVRUVLVSORWWHGLQ)LJXUH2EYLRXVO\
WKHIDOVHDODUPVFRQVLGHUDEO\RXWQXPEHUWKHDFWXDOJURRYHGHWHFWLRQV7KLVLVGXHWRRXUVHQVLWLYH
GHWHFWLRQUXOHVLQWHQGLQJWKDWQRDFWXDOGHIHFWLVPLVVHGGXULQJLQGLYLGXDOSURFHVVLQJ2IFRXUVHLQD
VLQJOHVHQVRULQVSHFWLRQWDVNDPXFKPRUHVWULQJHQWGHWHFWLRQFULWHULRQLVDSSURSULDWHWROLPLWWKHQXPEHU
RIIDOVHDODUPV+RZHYHUWKLVSRVVLEO\OHDGVWRZRUVHVHQVLWLYLW\WRVPDOOPDWHULDOIODZV,QFRQWUDVWRXU
GDWDIXVLRQDSSURDFKLVVXSSRVHGWRGLVFDUGPRVWIDOVHKLWVZKLOHPDLQWDLQLQJKLJKVHQVLWLYLW\WRVPDOO
GHIHFWV
:HZLOOQRZEULHIO\FRPSDUHWKHLQGLYLGXDOVHQVRUUHVXOWV,QFRQWUDVWWR(7DQG77WKH0)/KLWVFOXVWHU
VSDWLDOO\7KLVLVEHFDXVHWKHEDFNJURXQGYDULDWLRQVLQWKLVGDWDVHWDUHQRWKRPRJHQHRXVSRVVLEO\GXHWR
LQKRPRJHQHLWLHVLQWKHLQWHUQDOPDJQHWLFILHOG0)/GDWDDUHPLVVLQJLQWKHVWULSEHWZHHQWKHWZRJURRYH
URZV,QWHUHVWLQJO\LQ)LJXUHVSDWLDOGHIHFWOLNHSDWWHUQVDUHIRUPHGDOWKRXJKWKHVSHFLPHQLVQRW
H[SHFWHGWRFRQWDLQDQ\IODZVRWKHUWKDQWKHNQRZQJURRYHV)RUH[DPSOHVHHWKHYHUWLFDOOLQHVIURP77

HJLQGLFDWHGE\WKHULJKWDUURZRUWKHGLDJRQDOO\RULHQWHGOLQHVIURP(7LQGLFDWHGE\WKHOHIWDUURZ$V
SUHYLRXVO\GLVFXVVHGXVLQJLQGLYLGXDOLQVSHFWLRQLWLVQRWHDV\WRFODVVLI\WKHVHREYLRXVLQGLFDWLRQVDV
VWUXFWXUDOLQGLFDWLRQVRUIODZV,QVSLWHRIWKHLUUHJXODUVWUXFWXUHZHODEHOWKHVHSDWWHUQVDVQRQGHIHFW
LQGLFDWLRQVGXULQJWKHIROORZLQJHYDOXDWLRQLIRXUPXOWLVHQVRUGDWDVHWLVQRWDEOHWRJLYHDUHOLDEOH
FRQILUPDWLRQ2QWKHRWKHUKDQGWKHUHDUHDIHZRIIJURRYHORFDWLRQVZKHUHGLIIHUHQWVHQVRUVEHKDYH
FRQVLVWHQWO\7KHVHUHJLRQVFRXOGLQIDFWUHSUHVHQWXQNQRZQEXWUHDOGHIHFWVDQGZLOOWKHUHIRUHEH
H[FOXGHGIURPWKHIROORZLQJHYDOXDWLRQ1RWHWKDWGHWHFWLRQVZLWKLQGLVUHJDUGHGDUHDVDUHQRWVKRZQLQWKLV
ILJXUH0RUHRYHUWKHFRQILGHQFHDVVRFLDWHGZLWKHDFKGHWHFWLRQLVQRWVKRZQEHFDXVHDOOKLWVH[FHHGWKH
FKRVHQWKUHVKROGRIDVH[SODLQHGEHIRUH


)LJXUH3UHSURFHVVHGVHQVRULQWHQVLW\LPDJHV]RRPHGWRDUHJLRQDURXQGWKHJURRYHQU+LJKHULQWHQVLWLHV
FRUUHVSRQGWRLQGLFDWLRQV7RS(70LGGOH0)/%RWWRP777KHYHUWLFDOEODFNOLQHPDUNVWKHORFDWLRQRIWKHJURRYH
(DFKLPDJHLVVKRZQLQWKHUHVSHFWLYHVHQVRU“?VFRRUGLQDWHV\VWHPWKXVH[SODLQLQJWKHGLIIHUHQWD[LVODEHOV

)LJXUH3UHSURFHVVHGOLQHVFDQSHULQVSHFWLRQPHWKRGDURXQGJURRYHQU7KHVLJQDOVDUHVKLIWHGVRWKDWHDFK
SHDNYDOXHLVORFDWHGDW = 01RWHWKHGLIIHUHQW\VFDOHV
7DEOH4XDQWLWDWLYHSURSHUWLHVRIWKHLQGLYLGXDOGDWDVHWV
 (7 0)/ 77ΔLQPP   ΔLQPP   
:LGWKRIDW\SLFDO
LQGLFDWLRQLQPP ≈8Δ ≈8Δ ≈8Δa
$YJQURIKLWVSHUSL[HO   


)LJXUH+LWORFDWLRQVSHUVHQVRULQDFRPPRQFRRUGLQDWHV\VWHPVLPLODUWRWKDWLQ)LJXUH$[HVDUHQRWWRVFDOH
7KHWLSVRIWKHWULDQJOHPDUNHUVLQGLFDWHWKHJURRYHSRVLWLRQV7KHDUURZVLQGLFDWHFUDFNVKDSHGIDOVHSRVLWLYHVIURP
(7OHIWDUURZDQG77ULJKWDUURZ$FRORUHGYHUVLRQRIWKLVILJXUHDSSHDUVLQWKHDUWLFOHRQOLQH
3.3 Fusion and final detection 
7RFRPSXWHWKHNHUQHOGHQVLW\SHUVHQVRUZHXVHG$OH[DQGHU,KOHU“?V.'(7RROER[IRU0$7/$%>@7KH
IXVHGGHQVLW\DFFRUGLQJWR(TXDWLRQVLVDFRQWLQXRXVIXQFWLRQWKDWPXVWEHHYDOXDWHGDWGLVFUHWH
ORFDWLRQV,QIDFWWRFLUFXPYHQWWKHGLVFUHWHVDPSOLQJDPXOWLYDULDWHPRGHVHHNLQJDOJRULWKPFRXOGEH
XVHGIRUGHWHFWLRQ+RZHYHUIRUVLPSOLFLW\ZHVHWXSDGLVFUHWHHYDOXDWLRQJULGWKDWLVGHVLJQHGILQH
HQRXJKWRQRWPLVVDQ\PRGHRIWKHGHQVLW\0RGHVDUHWKHQWUDFHGVLPLODUO\WRSHUVHQVRUGHWHFWLRQE\
ILQGLQJORFDOGHQVLW\PD[LPDDORQJSDUDOOHOOLQHVRQWKHVSHFLPHQVXUIDFH)LJXUHGLVSOD\VWKHSULQFLSOH
RIWKHGHWHFWLRQ)LQGLQJORFDOPD[LPDDORQJRQHGLPHQVLRQDOOLQHVLVVWUDLJKWIRUZDUGGXHWRWKHGHQVLW\“?V
VPRRWKQHVVDQGDOVRPDNHVWKHGHWHFWLRQUHVXOWVPRUHVWDEOHDFURVVGLIIHUHQWNHUQHOVL]HV

)LJXUH)LQDOGHWHFWLRQE\HYDOXDWLQJWKHIXVHGFRQWLQXRXVGHQVLW\IXQFWLRQDWJULGGHGSRLQWVFLUFOHVDQGILQGLQJ
ORFDOPD[LPDILOOHGFLUFOHVDPRQJWKHP7KHVHGHWHFWLRQVDSSUR[LPDWHWKHWUXHGHQVLW\PRGHVGDVKHGOLQHV
7KHILQDOGHWHFWLRQVDIWHUIXVLRQDUHSUHVHQWHGLQ)LJXUH0RVWRIWKHVLQJOHVHQVRUIDOVHDODUPVIURP
)LJXUHZHUHGLVFDUGHGE\RXUIXVLRQPHWKRGE\UHFRJQL]LQJWKHVHQVRUFRQIOLFWV<HWWKHUHDUHD
FRQVLGHUDEOHQXPEHURIUHPDLQLQJIDOVHKLWV7KHVHVSXULRXVGHWHFWLRQVRULJLQDWHIURPVLQJOHVHQVRUKLWV
WKDWRYHUODSSXUHO\E\FKDQFH1HYHUWKHOHVVDOOJURRYHVEXWWKHVKDOORZHVWRQHQUFOHDUO\VWDQGRXW
DJDLQVWWKHIDOVHDODUPVFRQVLGHULQJWKHIXVHGGHQVLW\PHDVXUHZKLFKLVUHSUHVHQWHGE\WKHPDUNHUFRORUV
LQ)LJXUH%HFDXVHKLJKHUYDOXHVRIWKHIXVHGPHDVXUHFRUUHVSRQGWRLQFUHDVHGGHIHFWOLNHOLKRRGD
WKUHVKROGFDQEHDSSOLHGWRSURGXFHDELQDU\GHFLVLRQ,QWKHIROORZLQJWKHGHWHFWLRQSHUIRUPDQFHZLOOEH
TXDQWLWDWLYHO\DVVHVVHGXQGHUYDULRXVFRQGLWLRQV


)LJXUH5HVXOWRIGHFLVLRQOHYHOIXVLRQ'DUNHUPDUNHUVFRUUHVSRQGWRLQFUHDVHGGHWHFWLRQFRQILGHQFH7KHFRORUV
UDQJHIURP]HURZKLWHWRWKHIXVHGLQWHQVLW\DWWKHVKDOORZGHIHFWQURUKLJKHUEODFN$[HVDUHQRWWRVFDOH
3.4 Evaluation 
,QWKHIROORZLQJVXEVHFWLRQVRXUIXVLRQPHWKRGLVTXDQWLWDWLYHO\HYDOXDWHGZLWKUHJDUGWRWKHSUHVHQWHG
VSHFLPHQ7KLVHYDOXDWLRQIRFXVHVRQGHWHFWDELOLW\PHDQLQJWKHDELOLW\WRGLVWLQJXLVKEHWZHHQJURRYHV
DQGEDFNJURXQGLQWKHIXVLRQUHVXOW&RQVHTXHQWO\WKHDELOLW\WRDFFXUDWHO\ORFDOL]HDGHIHFWDIWHUIXVLRQLV
QRWDSDUWRIWKLVHYDOXDWLRQ7KHHYDOXDWLRQLVUHDOL]HGE\PDQXDOO\ODEHOLQJGHWHFWLRQVQHDUWKHNQRZQ
JURRYHORFDWLRQVDV“?RQJURRYH“?DQGRWKHUVDV“?RIIJURRYH“?6SHFLILFDOO\IRUHDFKPHWKRGWREHHYDOXDWHG
DQGIRUHDFKJURRYHZHGHILQHDSRO\JRQLQVLGHZKLFKKLWORFDWLRQVDUHODEHOHGDV“?RQJURRYH“?,QWKH
VDPHZD\VHYHUDOUHJLRQVRQWKHVSHFLPHQVXUIDFHDUHPDUNHGWREHH[FOXGHGIURPWKHHYDOXDWLRQ
7KHVHDUHDUHDVQHDUWKHERUGHURIWKHVSHFLPHQLQGLFDWLRQVWKDWUHVXOWIURPH[SHULPHQWDOPRGLILFDWLRQRI
WKHVSHFLPHQVXUIDFHRIIJURRYHDUHDVZKHUHUHDOXQSODQQHGGHIHFWVH[LVWZKLFKZRXOGRWKHUZLVHEH
FRXQWHGDVIDOVHDODUPVDQGDPDUJLQDURXQGHDFKJURRYHSRO\JRQ([FOXGLQJWKLVPDUJLQLVQHFHVVDU\
EHFDXVHWKHGHIHFWLQGLFDWLRQVPLJKWH[FHHGWKHDFWXDOGHIHFWUHJLRQRQWKHVSHFLPHQDVLVVHHQLQ
)LJXUH+LWVLQWKLVPDUJLQXVXDOO\KDYHUHGXFHGLQWHQVLW\FRPSDUHGWRWKHFHQWHURIWKHIODZ7KHUHIRUH
LIWKH\ZHUHLQFOXGHGLQWKHRQJURRYHFODVVWKHVHLQWHQVLWLHVPLJKWQRWH[FHHGWKHGHWHFWLRQWKUHVKROG
DQGWKXVWKHJURRYHZRXOGRIWHQVHHPWREHGHWHFWHGLQFRPSOHWHO\2QWKHRWKHUKDQGLIWKH\ZHUH
FRXQWHGDVRIIJURRYHWKHQXPEHURIIDOVHDODUPVZRXOGEHVSXULRXVO\LQFUHDVHGEHFDXVHWKHLQWHQVLWLHV
DUHRIWHQVWLOOODUJHUWKDQWKHEDFNJURXQGVLJQDO1RWRQO\DUHDOORIWKHVHGLVUHJDUGHGUHJLRQVUHPRYHG
IURPHYDOXDWLRQDIWHUIXVLRQEXWDOUHDG\WKHKLWVLQWKHVHUHJLRQVDUHH[FOXGHGIURPWKHGHQVLW\HVWLPDWLRQ
VRWKDWWKH\GRQ“?WDIIHFWWKHGHQVLW\LQWKHVXUURXQGLQJUHJLRQV)XUWKHUPRUHWRHYDOXDWHGHWHFWLRQ
SHUIRUPDQFHSHUIODZGHSWKDIWHUIXVLRQHDFKJURRYHLVDVVHVVHGLQGLYLGXDOO\ZKLOHLJQRULQJDOORWKHUV
:HQRWHWKDWWKHUHDUHVHYHUDOLVVXHVFRQFHUQLQJWKHFRPSDUDELOLW\RIGLIIHUHQWGHWHFWLRQPHWKRGVXVLQJ
WKLVHYDOXDWLRQDSSURDFK7KHIXQGDPHQWDOLVVXHLVWKDWGHWHFWLRQDQGWKHUHIRUHHYDOXDWLRQLVQRWFDUULHG
RXWSHUKLWUHJLRQEXWSHUSRLQW7KLVDSSURDFKFRPSOLFDWHVHYDOXDWLRQEHFDXVHGLIIHUHQWGHWHFWLRQ
PHWKRGVHJVLQJOHVHQVRUGHWHFWLRQDQGIXVHGGHWHFWLRQ\LHOGGLIIHUHQWQXPEHUVRIKLWVDWGLIIHUHQW
ORFDWLRQV7KLVKHWHURJHQHLW\LVFRPSHQVDWHGKHUHE\WDLORULQJWKHJURXQGWUXWKWRHDFKLQYHVWLJDWHG

GHWHFWLRQPHWKRGXVLQJWKHGHVFULEHGSRO\JRQV<HWUHVXOWVDUHQHYHUIXOO\FRPSDUDEOHEHFDXVHHDFKLV
HYDOXDWHGRQDVOLJKWO\GLIIHUHQWEDVLV1HYHUWKHOHVVWKHHYDOXDWLRQZDVGHVLJQHGWREHDVIDLUDQG
H[SUHVVLYHDVSRVVLEOH
'HWHFWLRQSHUIRUPDQFHLVPHDVXUHGE\DUHDXQGHUWKHSUHFLVLRQUHFDOOFXUYH7KLVPHWKRGLVVLPLODUWRWKH
ZHOONQRZQDUHDXQGHUWKH5HFHLYHU2SHUDWLQJ&KDUDFWHULVWLF52&FXUYHEXWZHFRPSXWHSUHFLVLRQ
SUHF WUXHKLWVDOOKLWVLQVWHDGRIIDOVHDODUPUDWH)$5 IDOVHKLWVPD[SRVVLEOHQXPEHURIIDOVHKLWV
DQGSORWLWDJDLQVWWKHWUXHSRVLWLYHUDWH735 WUXHKLWVPD[SRVVLEOHQXPEHURIWUXHKLWV3UHFLVLRQLV
VXLWHGIRUFODVVLPEDODQFHGSUREOHPV7KLVLVFOHDUO\WKHFDVHKHUHEHFDXVHWKHJURRYHUHJLRQVDUHPXFK
VPDOOHUWKDQWKHEDFNJURXQGUHJLRQ&RQVHTXHQWO\bcdLVDOZD\VVPDOOHYHQLIWKHUHDUHPDQ\WLPHV
PRUHIDOVHDODUPVWKDQWUXHKLWV,QFRQWUDVWQeNfUHODWHVKLWVWRKLWVUDWKHUWKDQKLWVWRQRQKLWV
)XUWKHUPRUHZHGRQRWFRPSXWHWKHDUHDXQGHUWKHZKROHFXUYHEXWRQO\IRUWKHFXUYHUHJLRQZKHUH
UHFDOO WUXHSRVLWLYHUDWH #heCN ℎihP max possible number of true hits⁄  >  0.5:HGHQRWHWKLVPHDVXUHE\
$8&357KLVIRFXVHVRXUHYDOXDWLRQRQWKUHVKROGVWKDWDUHORZHQRXJKWRHQVXUHWKDWDWOHDVWKDOIRI
DJURRYHLVGHWHFWHG)XUWKHUPRUHDVLQJOHIDOVHDODUPKLWZLWKKLJKHULQWHQVLW\WKDQWKHJURRYHVXIILFHVWR
IRUFHWKHFXUYHGRZQWR]HURSUHFLVLRQIRUVPDOOWUXHSRVLWLYHUDWHVLHKLJKWKUHVKROGVDQGWKHUHIRUH
GRPLQDWHVWKHZKROH$8&PHDVXUH7KLVLVDQRWKHUUHDVRQIRULJQRULQJWKHOHIWKDOIRIWKHGLDJUDPLQWKH
FRPSXWDWLRQRI$8&35
8VLQJWKLVHYDOXDWLRQIUDPHZRUNZHLQYHVWLJDWHWKHSHUIRUPDQFHRIRXUIXVLRQDSSURDFKLQWKHIROORZLQJ
3.4.1 Influence of kernel size 
,QVHFWLRQZHSUHVHQWHGDQDXWRPDWLFPHWKRGWRVHWXSWKHNHUQHOEDQGZLGWKSDUDPHWHUV,QWKLV
VHFWLRQZHTXDQWLWDWLYHO\FRPSDUHWKHLQIOXHQFHRIGLIIHUHQWNHUQHOVL]HVRQGHWHFWLRQSHUIRUPDQFHLQRXU
GDWDVHW
)RURXULQVSHFWLRQVWKHORFDOL]DWLRQXQFHUWDLQW\GXHWRUHJLVWUDWLRQHUURUVLVXSWRCY = 0.2 mm:HWDNH
WKLVYDOXHDVWKHEDVLVIRUWKHUDQJHRIVXLWDEOHNHUQHOVL]HV6SHFLILFDOO\WKHIROORZLQJNHUQHOVL]HVDUH
LQYHVWLJDWHG ;S = ℎ, ℎ =  max0Δ/ , JCY4, maxZΔ/ , JCY[ZLWKJ ∈ 00, 0.5, 1, 2, 5,1046HH7DEOHIRUWKH
VSHFLILFYDOXHVRIΔ/)RUJ = 1ZHREWDLQWKHVHWWLQJSURSRVHGLQVHFWLRQ)RUJ = 0WKHNHUQHOVL]HV
DUHFRPSXWHGRQO\IURPWKHVDPSOLQJGLVWDQFHVRIHDFKVHQVRUGLVUHJDUGLQJWKHUHJLVWUDWLRQHUURUV)RU
KLJKYDOXHVRIJWKHHIIHFWRIRYHUVPRRWKLQJVKRXOGEHREVHUYDEOH)RUDOOLQYHVWLJDWHGVHWWLQJVWKH

$VPHDVXUHGE\WKHIROORZLQJ2QHORFDWLRQRQWKHVSHFLPHQVXUIDFHFRUUHVSRQGVWRSRLQW$LQWKH
FRRUGLQDWHV\VWHP&DQGWRSRLQW%LQWKHFRRUGLQDWHV\VWHP&7KH(XFOLGHDQGLVWDQFHEHWZHHQSRLQW
$PDSSHGWR&DQGSRLQW%LVDUHJLVWUDWLRQHUURU)URPWKHGLVWULEXWLRQRIWKHVHHUURUVDVXLWDEOH
VXPPDU\VWDWLVWLFLVJHQHUDWHG

GHQVLW\ZDVHYDOXDWHGDWWKHVDPHORFDWLRQV7KHVHORFDWLRQVDUHGHILQHGE\DVXSHUVDPSOHG
PHDVXUHPHQWJULGRIRQHRIWKHLQGLYLGXDOVHQVRUV
)LJXUHFRPSDUHVWKHUHVXOWV7KHGHWHFWLRQSHUIRUPDQFHDSSHDUVWREHVWDEOHDFURVVDEURDGUDQJHRI
NHUQHOVL]HV3HUIHFWGHWHFWLRQ$8&35 LVSRVVLEOHIRUDOPRVWDOOGHIHFWV+RZHYHUDWWKH
VKDOORZHVWJURRYHQU615LQWKHLQGLYLGXDOVHQVRUVLVQRWVXIILFLHQWWR\LHOGPXOWLVHQVRUKLWV,Q
FRQWUDVWWKHVHFRQGVKDOORZHVWJURRYHQULVGHWHFWDEOHDOWKRXJKSHUIRUPDQFHGHSHQGVRQWKHNHUQHO
VL]H7KH615DWWKLVUHJLRQLVUHODWLYHO\ORZVRWKDWODUJHUNHUQHOVLQFUHDVLQJO\SURGXFHIDOVHLQGLFDWLRQV
LQWKHIXVHGLPDJH+RZHYHUWKHVPDOOHVWLQYHVWLJDWHGNHUQHOVL]HLVDOVRQRWVXLWHG)RUWKLVJURRYHWKH
RSWLPDONHUQHOVL]HLQGHHGPDWFKHVWKHUHJLVWUDWLRQHUURUJ = 17KHGHHSHUJURRYHVLQGLFDWHGE\ORZHU
LQGLFHVDUHUHDGLO\GLVWLQJXLVKHGIURPWKHODUJHQXPEHURISHUVHQVRUIDOVHKLWV2QO\IRUJ = 0WKH
NHUQHOVDSSDUHQWO\DUHWRRQDUURZWRDVVRFLDWHWKHLQGLYLGXDOKLWVWKDWLQGLFDWHDJURRYH7KLVLVGXHWRRXU
UHODWLYHO\ODUJHUHJLVWUDWLRQHUURUZKLFKWKLVVHWWLQJGRHVQRWDFFRXQWIRU,QWHUHVWLQJO\QRRYHUVPRRWKLQJ
HIIHFWGXHWRODUJHYDOXHVRIJFDQEHREVHUYHGKHUH7KLVFRXOGEHDWWULEXWHGWRWKHRWKHULPSOHPHQWHG
PHFKDQLVPVIRUIDOVHDODUPUHMHFWLRQVXFKDVWKH615EDVHGZHLJKWV:DQGWKHVXEWUDFWLRQRIWKH
PD[LPXPLQGLYLGXDOVXE.'($WYHU\ODUJHVL]HVJ = 10WKHUHDUHWZRRXWOLHUIODZVLQWKHHYDOXDWLRQ7KH
VHHPLQJO\SRRUSHUIRUPDQFHLVGXHWRDVSDWLDOVKLIWRIWKHIXVHGLQGLFDWLRQVWKXVH[FHHGLQJJURRYHUHJLRQ
WKDWZDVSUHGHILQHGIRUWKHHYDOXDWLRQ
:HVXJJHVWXVLQJJ = 1WKDWLVVHWWLQJWKHNHUQHOVL]HVIRUVHQVRU6WR ;S = ℎ , ℎ =  max0Δ/ , CY4, maxZΔ/ , CY[LILQIRUPDWLRQDERXWORFDOL]DWLRQXQFHUWDLQW\CY LVDYDLODEOH

)LJXUH(YDOXDWLRQRIGLIIHUHQWNHUQHOVL]HVIRUHDFKJURRYHPHDVXUHGE\$8&35/DUJHULVEHWWHUPD[LPXP
SRVVLEOHVFRUHLV*URRYHVZLWKKLJKHULQGLFHVDUHVKDOORZHUDQGWKXVKDUGHUWRGHWHFW
3.4.2 Influence of weights 
,QWKHSUHYLRXVH[SHULPHQWWKHLQGLYLGXDOVHQVRUV“?GHWHFWLRQVZHUHZHLJKWHGE\IDFWRUV:WRWDNHLQWR
DFFRXQWWKHORFDO6157RWKLVHQG615LVFRPSXWHGIURPDQXOOGLVWULEXWLRQRIEDFNJURXQGVLJQDO
LQWHQVLWLHVVLPLODUO\WRZKDWZDVGHVFULEHGLQVHFWLRQ%XWLQLQVWHDGRIIRUPLQJSUREDELOLWLHVZH
FRPSXWHD]VFRUH: =  − |̂]^__ ~Y]^__⁄ IURPWKHUHVSHFWLYHVLJQDOLQWHQVLW\XQGHUWKHQXOOGLVWULEXWLRQ
XVLQJUREXVWHVWLPDWHVRI|]SDQG~]S7KLVOLQHDUWUDQVIRUPQRUPDOL]HVWKHLQWHQVLWLHVDPRQJGLIIHUHQW
VHQVRUVZKLOHSUHVHUYLQJWKHLQWHQVLW\LQIRUPDWLRQ

,QWKLVVHFWLRQZHUHSHDWWKHH[SHULPHQWRIVHFWLRQEXWZLWKRXWZHLJKWLQJWKHLQGLYLGXDOKLWVE\
VHWWLQJDOOZHLJKWV: = 17KHUHIRUHWKHIXVHGGHQVLW\LVRQO\LQIOXHQFHGE\WKHSUR[LPLW\RIWKHLQGLYLGXDO
KLWV7KLVVHWWLQJUHSUHVHQWVLQVSHFWLRQUHVXOWVIRUZKLFKQRPHDVXUHRIFRQILGHQFHLVDYDLODEOH
6HH)LJXUHIRUWKHUHVXOWLQJGHWHFWLRQSHUIRUPDQFHEDVHGRQXQZHLJKWHGKLWV,QFRPSDULVRQWRWKH
ZHLJKWHGUHVXOWVVKRZQLQ)LJXUHGHWHFWLRQSHUIRUPDQFHLVJHQHUDOO\ZRUVH,QSDUWLFXODUJURRYHQU
LVEDUHO\GHWHFWDEOHZLWKWKLVDSSURDFK+RZHYHUIRUODUJHUNHUQHOVL]HVDWJ = 5RSWLPDOGHWHFWLRQUHVXOWV
DUHVWLOOSRVVLEOHIRUPRVWGHIHFWV:HH[SODLQWKLVE\WKHREVHUYDWLRQWKDW5CYHTXDOVWKHJURRYHOHQJWKIRU
RXUVSHFLPHQ7KHUHIRUHDOOKLWVIURPDJURRYHFRQWULEXWHWRWKHIXVHGLQWHQVLW\ZKHUHDVIRUVPDOOHU
NHUQHOVL]HVGLIIHUHQWSDUWVRIWKHJURRYHVDUHXQUHODWHG7KLVLVFOHDUO\VHHQDWJ = 0ZKHUHSHUIRUPDQFH
LVWKHSRRUHVWLQDJUHHPHQWZLWKWKHSUHYLRXVH[SHULPHQW1RWHWKDWWKHJHQHUDOWUHQGRILPSURYHG
SHUIRUPDQFHIRUODUJHUNHUQHOVFDQSDUWO\EHH[SODLQHGE\DELDVLQWKHHYDOXDWLRQUHJLPH/DUJHUNHUQHOV
OHDGWRVPRRWKHUGHQVLWLHVWKDWIRUPIHZHUORFDOPD[LPD“?SHDNV“?7KHUHIRUHWKHQXPEHURISRWHQWLDO
IDOVHDODUPVDIWHUIXVLRQGHFUHDVHVZKLFKEHQHILWVSUHFLVLRQ
:HFRQFOXGHWKDWLISRVVLEOHWKHZHLJKWHGDSSURDFKVKRXOGEHIDYRUHGRYHUWKHXQZHLJKWHGPHWKRG,I
ZHLJKWLQJLVQRWSRVVLEOHNHUQHOVL]HVVKRXOGQRWEHPDGHWRRVPDOOWRIXOO\H[SORLWWKHGHQVLW\LQIRUPDWLRQ
:HIXUWKHUVXJJHVWVHWWLQJWKHNHUQHOVL]HVPDOOHUWKDQRUHTXDOWRWKHH[SHFWHGIODZOHQJWK

)LJXUH(YDOXDWLRQRIGLIIHUHQWNHUQHOVL]HVIRUXQZHLJKWHGKLWV
3.4.3 Influence of individual sensors  
7KHFKRLFHZKLFKVHQVRUVWRIXVHPD\KDYHDQLPSDFWRQWKHGHWHFWLRQFDSDELOLW\,QSDUWLFXODUZHDUH
LQWHUHVWHGLQWKHFRQWULEXWLRQWKDWHDFKLQGLYLGXDOVRXUFHKDVRQWKHIXVLRQUHVXOW7KHUHIRUHZHFRPSXWH
IXVHGGHQVLWLHVZKLOHH[FOXGLQJRQHRIWKHWKUHHLQVSHFWLRQVDQGFRPSDUHWKHVHUHVXOWVWRIXVLRQXVLQJDOO
WKUHHGDWDVHWV%DVHGRQWKHUHVXOWVRIWKHSUHYLRXVWZRH[SHULPHQWVZHFKRRVHDZHLJKWHG.'(
WHFKQLTXHZLWKNHUQHOVL]HVVHWDFFRUGLQJWRJ = 0.5ZKLFKSURYHGWRSHUIRUPZHOO7KHVDPHHYDOXDWLRQ
ORFDWLRQVZHUHXVHGDVLQVHFWLRQ:HZRXOGOLNHWRUHPLQGWKHUHDGHUWKDWRXUIXVLRQDSSURDFK
LQYROYHVVXSSUHVVLQJVLQJOHVHQVRUGHWHFWLRQVLHDUHDVLQZKLFKWKHMRLQWGHQVLW\LVJHQHUDWHGE\RQO\D
VLQJOHVHQVRU7KHUHIRUHLIRQHVHQVRUPLVVHVDGHIHFWGXHWRSRRU615ERWKRWKHUVHQVRUVPXVW\LHOG
KLWVWRLQGLFDWHWKLVGHIHFWLQWKHIXVLRQUHVXOW,QRXUH[SHULPHQWWKHH[FOXVLRQRIRQHRIWKHVHVHQVRUVZLOO
OHDGWRVWURQJO\GHFUHDVHGSHUIRUPDQFH

$V)LJXUHVKRZVWKHIXOOVHWRILQVSHFWLRQVLVQHFHVVDU\WRDFKLHYHWKHEHVWGHWHFWLRQSHUIRUPDQFH
KHUH(DFKWZRVHQVRUVXEVHWRILQVSHFWLRQPHWKRGVVKRZVVOLJKWO\GLIIHUHQWHIIHFWV$SSDUHQWO\WKH
WKHUPRJUDSKLFGDWDPDLQO\KHOSLQGHWHFWLQJWKHVKDOORZJURRYHV+RZHYHUWKHVDPHLQVSHFWLRQ
VHHPVWRKDYHPLVVHGWKHIODZVDQGEHFDXVHWKHLQIRUPDWLRQIURPERWK0)/DQG(7LVFUXFLDO
IRUGHWHFWLRQKHUH$PRQJWKHGHHSHUJURRYHVQUVDQGDUHSHUIHFWO\IRXQGXVLQJDQ\WZR
VHQVRUFRQILJXUDWLRQWKXVLQGLFDWLQJWKDWWKH\DUHFOHDUO\UHSUHVHQWHGLQDOOWKUHHPHDVXUHPHQWV)RUWKH
VKDOORZHUVHWRIJURRYHVWKHLQFOXVLRQRIWKH(7LQVSHFWLRQVHHPVWREULQJVOLJKWO\VPDOOHUJDLQVWKDQ
LQFOXGLQJWKH0)/RU77LQVSHFWLRQ,QSDUWLFXODUWKHVHFRQGVKDOORZHVWJURRYHQULVUHDGLO\GHWHFWHG
XVLQJDFRPELQDWLRQRIRQO\0)/DQG777KLVLVHVSHFLDOO\LQWHUHVWLQJLQOLJKWRIWKHIROORZLQJH[SHULPHQW
ZKHUHVLQJOHVHQVRUSHUIRUPDQFHLVFRQWUDVWHGZLWKIXVLRQSHUIRUPDQFH

)LJXUH$8&35YDOXHVIRUIXVLRQXVLQJGLIIHUHQWVXEVHWVRILQVSHFWLRQV
3.4.4 Comparison against single-sensor detection 
+HUHZHTXDQWLI\WKHJDLQRIIXVLRQRYHUVLQJOHVHQVRULQVSHFWLRQ$JDLQZHFKRRVHDZHLJKWHG.'(
WHFKQLTXHZLWKNHUQHOVL]HVVHWWRKDOIWKHUHJLVWUDWLRQHUURUJ = 0.58QOLNHWKHSUHYLRXVH[SHULPHQWV
ZKLFKZHUHDOOFRQGXFWHGLQWKHVDPHVSDWLDOFRRUGLQDWHV\VWHPKHUHHDFKVLQJOHVHQVRUKDVLWVRZQ
V\VWHP6LQFHZHFRPSDUHHDFKLQGLYLGXDOVHQVRUDJDLQVWWKHIXVLRQUHVXOWLWLVQDWXUDOWRHYDOXDWHWKH
GHQVLW\IURPHDFKRIWKHVHLQGLYLGXDOFRPSDULVRQVLQWKHUHVSHFWLYHVLQJOHVHQVRU“?VFRRUGLQDWHV\VWHP:H
VXSHUVDPSOHHDFKPHDVXUHPHQWJULGWRDYRLGPLVVLQJGHQVLW\SHDNV1RWHWKDWLQDOOWKUHHFRPSDULVRQV
WKHVDPHGHQVLW\IXQFWLRQLVHYDOXDWHGDOEHLWDWGLIIHUHQWORFDWLRQV7RVLPSOLI\WKHHYDOXDWLRQZHUHSRUW
RQO\DVLQJOHIXVLRQUHVXOWE\VHOHFWLQJWKHZRUVWRXWFRPHSHUJURRYHDPRQJWKHWKUHHUHVXOWV
)RUIDLUFRPSDULVRQRIVLQJOHVHQVRULQVSHFWLRQDJDLQVWIXVLRQRQO\WKHSL[HOVWKDWUHSUHVHQWDORFDO
LQWHQVLW\PD[LPXP“?SHDN“?GHILQHWKHVHWRIHYDOXDWHGVLQJOHVHQVRUORFDWLRQV,QSDUWLFXODUWKHVHSRLQWV
DUHQRWFKRVHQDFFRUGLQJWRWKHLULQWHQVLW\7KLVVHWRIKLWVLVIXUWKHUILOWHUHGE\WKHUHJLRQVWKDWVKRXOGEH
LJQRUHGWKURXJKRXWWKHHYDOXDWLRQVHHVHFWLRQ$SHUIRUPDQFHFXUYHLVIRUPHGE\YDU\LQJDWKUHVKROG
RYHUWKLVGLVWULEXWLRQRILQWHQVLW\SHDNYDOXHVDQGFRXQWLQJSUHFLVLRQDQGUHFDOOIRUHDFKWKUHVKROGYDOXH,Q
FRQWUDVWIRUWKHDVVHVVPHQWGHFLVLRQOHYHOIXVLRQWKHSHUVHQVRUGHWHFWLRQVDUHILUVWMXGJHGDFFRUGLQJWR
WKHLUFRQILGHQFHDVGHVFULEHGLQVHFWLRQ)URPWKHVHKLWVRXUIXVHGGHQVLW\LVWKHQFRPSXWHGZKLFK
LVLQWXUQVXEMHFWHGWRORFDOPD[LPXPGHWHFWLRQ7KHGHQVLW\YDOXHVDWWKHVHSHDNSRVLWLRQVDUHWKHQXVHG
WRIRUPWKH52&FXUYHIRUWKHIXVLRQPHWKRG

$WWKLVSRLQWZHHPSKDVL]HWKDWWKHUHVXOWVSUHVHQWHGLQWKLVDUWLFOHDUHQRWUHSUHVHQWDWLYHIRUWKHJHQHUDO
SHUIRUPDQFHRIHDFKLQGLYLGXDOLQVSHFWLRQPHWKRG,WLVSRVVLEOHWKDWEHWWHULQGLYLGXDOUHVXOWVWKDQVKRZQ
KHUHPD\EHREWDLQHGE\RSWLPL]LQJHJWKHVSHFLPHQSUHSDUDWLRQWKHVHQVRUVRUWKHSURFHVVLQJ
URXWLQHV5DWKHULQWKHIROORZLQJRXUIRFXVLVWRGHPRQVWUDWHWKDWRXUWHFKQLTXHLVDEOHWRSHUIRUPZHOOLQ
WKHIDFHRILPSHUIHFWVRXUFHVRILQIRUPDWLRQ0RUHRYHUWKHVLQJOHVHQVRUUHVXOWVDUHQRWIXOO\FRPSDUDEOH
EHFDXVHWKHLQVSHFWHGDUHDRIWKHVSHFLPHQGLIIHUVEHWZHHQVHQVRUV,QVWHDGHDFKVLQJOHVHQVRU
LQVSHFWLRQVKRXOGRQO\EHFRPSDUHGDJDLQVWWKHIXVLRQUHVXOW
:HUHSRUW$8&35YDOXHVLQ)LJXUH$FFRUGLQJWRRXUHYDOXDWLRQWKHSUHVHQWHGIXVLRQWHFKQLTXH
DFKLHYHVSHUIHFWGHWHFWLRQUHVXOWVRI$8&35 IRUWKHILUVWIODZVDQGRXWSHUIRUPVVLQJOH
VRXUFHGHWHFWLRQIRUJURRYHVQRWGHHSHUWKDQwPJURRYHQU,QWHUHVWLQJO\DOWKRXJKWKH
SHUIRUPDQFHLQGH[GURSVEHORZIRUHDFKLQGLYLGXDOWHVWLQJWHFKQLTXHIURPJURRYHQURQZDUGV
KLJKSHUIRUPDQFHDERYHLVVWLOOSRVVLEOHXVLQJRXUIXVLRQDSSURDFK7KLVPHDQVWKDWPRVWDFWXDOGHIHFW
LQGLFDWLRQVDORQJDIODZJHQHUDWHLQGLFDWLRQVLQWKHIXVHGLPDJHWKDWGRPLQDWHWKHPDQ\RIIJURRYHIDOVH
DODUPVZKLFKFDQWKHUHIRUHEHVXSSUHVVHG,QFRQWUDVWDOWKRXJKWKHLQGLYLGXDOJURRYHLQGLFDWLRQVPD\
VXUPRXQWWKHPHDVXUHPHQWQRLVHWKH\DUHQRWVLJQLILFDQWO\GLIIHUHQWIURPWKHPDQ\RIIJURRYHLQGLFDWLRQV
WKXVLPSDLULQJSUHFLVLRQ7KHODVWDQGVKDOORZHVWJURRYHwPLVQRWUHIOHFWHGLQWKHIXVHGGHQVLW\
LPDJHEHFDXVHRQO\WKH0)/VHQVRULVDEOHWRJHQHUDWHKLWVKHUH+RZHYHUDWWKHWZRVKDOORZGHIHFWVQU
DQGIXVLRQSHUIRUPDQFHLVVWLOODERYH%HFDXVHZHUHSRUWWKHZRUVWRXWRIWKUHHGHQVLW\
HYDOXDWLRQVKHUHDQGDOVRWKHJURXQGWUXWKVGLIIHUEHWZHHQH[SHULPHQWVWKLVYDOXHLVORZHUWKDQWKHUHVXOW
SUHVHQWHGLQWKHSUHYLRXVVHFWLRQZKHUHDOUHDG\DWZRVHQVRUFRPELQDWLRQSURYLGHGSHUIHFWGHWHFWLRQ,Q
FRQWUDVWQRLQGLYLGXDOVHQVRULVDEOHWRLQGLFDWHWKHVHVKDOORZJURRYHVDWDFFHSWDEOHOHYHOVRISUHFLVLRQ

)LJXUH3HUJURRYHSHUIRUPDQFHFRPSDULVRQEDUVRIVLQJOHVHQVRULQVSHFWLRQYHUVXVWKHIXVLRQDSSURDFK7KH
PD[LPXPSRVVLEOHVFRUHLVOHIWYHUWLFDOD[LV+HUH“?IXVHG“?DFWXDOO\GHQRWHVWKHZRUVWSHUJURRYHRXWRIWKHWKUHH

GHQVLW\HYDOXDWLRQVVHHVHFWLRQ7KHVHWRIJURRYHVLVGLYLGHGLQWRWZRVXEILJXUHVIRUFODULW\*URRYHGHSWKLV
LQGLFDWHGE\WKHSORWWHGOLQHFRUUHVSRQGLQJWRWKHULJKWYHUWLFDOD[LV1RWHWKHGLIIHUHQWD[LVVFDOHVIRUJURRYHGHSWKLQ
WKHWZRVXESORWV
4 Discussion 
2XUH[SHULPHQWVGHPRQVWUDWHWKDWRXUGHQVLW\EDVHGDSSURDFKLVZHOOVXLWHGWRLQFRUSRUDWHLQGLFDWLRQV
IURPKHWHURJHQHRXVVHQVRUV7KHQXPEHURIIDOVHDODUPVFDQEHVWURQJO\UHGXFHGUHODWLYHWRVLQJOH
VHQVRULQVSHFWLRQZKLOHUHWDLQLQJPRVWRIWKHGHIHFWV5HJDUGLQJRXUHYDOXDWLRQLQGH[IRUDOOJURRYHVEXW
WKHVKDOORZHVWRQHWKHIXVLRQPHWKRGSHUIRUPVDVZHOODVRUEHWWHUWKDQVLQJOHVHQVRUGHWHFWLRQ7KH
SHUIRUPDQFHJDLQLVPRVWSURQRXQFHGIRUWKHVKDOORZHUGHIHFWVZKLFKXVXDOO\JHQHUDWHOHVVVLJQLILFDQW
LQGLFDWLRQV
:HQRWHWKDWWKHSULQFLSOHWRTXDQWLI\DJUHHPHQWDPRQJVHQVRUVUHTXLUHVWKDWDOOVHQVRUV\LHOGUHGXQGDQW
LQIRUPDWLRQDERXWWKHREMHFWRILQWHUHVWHJQHDUVXUIDFHFUDFNVLQRXUFDVH7KDWLVLQ1'7DOOVHQVRUV
PXVWUHVSRQGWRWKHVDPHIODZW\SHLQWKHVDPHVL]HUDQJH,ILQFRQWUDVWRQHRIWKHVHQVRUVUHSRUWVD
GHIHFWWKDWLVQRWGHWHFWDEOHE\WKHRWKHUPHWKRGVLWZLOOEHGLVFDUGHGDVD“?IDOVHDODUP“?E\RXUWHFKQLTXH
VLQFHLWLVQRWGHVLJQHGWRIXVHFRPSOHPHQWDU\LQIRUPDWLRQ
$QRWKHUSRLQWFRQFHUQVWKHUHODWLRQVKLSEHWZHHQIXVLRQSHUIRUPDQFHDQGVSDWLDOXQFHUWDLQW\6SHFLILFDOO\
WKHIXVLRQSHUIRUPDQFHLVH[SHFWHGWRLPSURYHZLWKUHJLVWUDWLRQDFFXUDF\7KLVLVEHFDXVHNHUQHOVFDQEH
PDGHQDUURZHUIRUVPDOOHUUHJLVWUDWLRQHUURUVDQGWKHUHIRUHWKHOLNHOLKRRGRIDQRQGHIHFWUHODWHG
LQGLFDWLRQGXHWRVSXULRXVPXOWLVHQVRUDJUHHPHQWLVUHGXFHG,QDQ\FDVHWKHDFWXDOUHJLVWUDWLRQHUURU
PXVWEHTXDQWLILHGWRVHWWKHNHUQHOVL]HDFFRUGLQJO\0RUHRYHUWKHIXVLRQWHFKQLTXHVWURQJO\EHQHILWV
IURPUHDOLVWLFHVWLPDWHVRIWKHORFDOVLJQDOWRQRLVHUDWLRVZKLFKHQWHUWKHIXVHGGHQVLW\WKURXJKZHLJKWV
)RUWKHILQDOGHWHFWLRQDIWHUIXVLRQDWKUHVKROGFRXOGEHFKRVHQWRUHWDLQRQO\WKHVLJQLILFDQWGHQVLW\SHDNV
7KXVRQO\IHZSDUDPHWHUVORFDOL]DWLRQXQFHUWDLQW\GHQVLW\WKUHVKROGIXOO\GHVFULEHWKHPHWKRGRORJ\DQG
DUHXVXDOO\UHDGLO\GHWHUPLQHG)XUWKHUPRUHLIRQHLVXQVXUHDERXWDIXVHGLQGLFDWLRQWKHRULJLQDO
LQGLYLGXDOGHWHFWLRQVFDQDOZD\VEHUHFRQVLGHUHGWRFROOHFWDGGLWLRQDOHYLGHQFHIRURUDJDLQVWWKHSUHVHQFH
RIDGHIHFW$IWHUDOOWKHGHQVLW\EDVHGDSSURDFKVSDWLDOO\DVVRFLDWHVQHLJKERULQJKLWVDQGWKXVPD\VHUYH
DVWKHEDVLVIRUPXOWLVHQVRUGHWHFWLRQDIWHUIHDWXUHH[WUDFWLRQ)RUH[DPSOHRXUGHQVLW\PHDVXUH
LGHQWLILHVQDUURZUHJLRQVRILQFUHDVHGGHIHFWOLNHOLKRRG7KHVHUHJLRQVFDQIXUWKHUEHDVVHVVHGE\
H[WUDFWLQJIHDWXUHVIURPHDFKLQGLYLGXDOVHQVRULQWKLVUHJLRQZKLFKFRXOGEHFRPELQHGE\VRPH
FODVVLILFDWLRQDOJRULWKPWRUHDFKDILQDOFRQFOXVLRQ&RQFHUQLQJWKHQXPEHURIVHQVRUVZHVXJJHVWXVLQJ
DWOHDVWWKUHHGLIIHUHQWVRXUFHVRILQIRUPDWLRQDVSUHVHQWHGKHUH+RZHYHUIXUWKHULQYHVWLJDWLRQVVKRZ
WKDWLPSURYHGSHUIRUPDQFHRYHUVLQJOHVHQVRULQVSHFWLRQLVSRVVLEOHDOUHDG\IRUWZRVHQVRUV1RWHWKDWWKH
PRUHIXVLRQLQSXWVDUHSURYLGHGWKHKLJKHUWKHOLNHOLKRRGRIWKHSXUHO\FRLQFLGHQWDODJUHHPHQWEHWZHHQDW
OHDVWWZRVHQVRUV7KHUHIRUHRXUSURSRVDOWRVXEWUDFWWKHODUJHVWFRQWULEXWLRQIURPWKHVXPRILQGLYLGXDO
GHQVLWLHVZLOOKDYHWREHH[WHQGHGLIHYHQPRUHVHQVRUVDUHLQFOXGHG

:HZRXOGDOVROLNHWRSRLQWRXWWKHOLPLWDWLRQVRIWKHFXUUHQWVWXG\:KHUHDVWKHHURGHGJURRYHVIDFLOLWDWH
GHWHFWLRQDVVHVVPHQWIRUZHOOGHILQHGGHIHFWGHSWKVWKHLUOLQHDUVKDSHVGRQRWUHVHPEOHQDWXUDOGHIHFWV
$OVRZKHUHDVWKHRULHQWDWLRQRIRXUIODZVLVZHOOGHILQHGQDWXUDOGHIHFWVRIWHQYDU\LQRULHQWDWLRQ
7KHUHIRUHGLUHFWLRQDOO\VHQVLWLYHPHDVXUHPHQWVVXFKDV(7XVLQJDGLIIHUHQWLDOSUREHDQG0)/XVLQJ
JUDGLRPHWHUVPXVWEHFDUULHGRXWPXOWLSOHWLPHVLQGLIIHUHQWGLUHFWLRQV+RZHYHUEHFDXVHWKLVLVVXHLV
RQO\UHOHYDQWIRUSHUVHQVRUGHWHFWLRQSULRUWRIXVLRQLWLVQRWIXUWKHUHODERUDWHGKHUH
5 Conclusion / Outlook 
:HGHYHORSHGDGHQVLW\EDVHGPHWKRGIRUWKHIXVLRQRIVSDWLDOO\VFDWWHUHGGDWDDQGDSSOLHGLWWRVHQVRU
VLJQDOVIURPWKHQRQGHVWUXFWLYHWHVWLQJRIDEHDULQJVKHOO7KLVKLJKOHYHOIXVLRQDSSURDFKKDVWKH
DGYDQWDJHRIEHLQJLQGHSHQGHQWIURPWKHSURFHVVHVWKDWJHQHUDWHWKHVFDWWHUHGSRLQWV7KUHHGLIIHUHQW
PHFKDQLVPVDUHLPSOHPHQWHGWRLQFUHDVHUREXVWQHVVDJDLQVWIDOVHDODUPV3UDFWLFDOVXJJHVWLRQVRQKRZ
WRGHWHUPLQHWKHSDUDPHWHUVHVSHFLDOO\WKHNHUQHOVL]HDUHJLYHQ:HTXDQWLWDWLYHO\HYDOXDWHGRXU
WHFKQLTXHXVLQJDGHIHFWGHWHFWLRQH[SHULPHQW7KHUHVXOWVGHPRQVWUDWHWKDWVLQJOHVHQVRULQVSHFWLRQVRI
WKHVSHFLPHQDUHRXWSHUIRUPHGE\WKHSURSRVHGWHFKQLTXHHVSHFLDOO\IRUGHIHFWVWKDWDUHWRRVKDOORZWR
EHUHOLDEO\LQGLFDWHGRWKHUZLVH0RUHRYHUWKHSURSRVHGPHWKRGLVTXLWHJHQHULFDVLWUHFHLYHVVSDWLDO
ORFDWLRQVIURPVLQJOHVRXUFHGHWHFWLRQURXWLQHVDQGUHWXUQVDUHDVRIPXOWLVHQVRUDJUHHPHQW7KHUHIRUHLW
PD\EHDSSOLHGIRUGHWHFWLRQWDVNVLQRWKHUGRPDLQVVXFKDVPHGLFDOLPDJHIXVLRQ
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